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ROM a morphological point of view most studies of species hybrids 

have been relatively unproductive. Mendelian analysis, though it 

has been of great assistance in the investigation of varietal differences, has 

been possible in only a few instances—East (4), Chittenden (1). Even in 

these favoured cases it has done little more than demonstrate that certain 

factors probably behave much the same way in hybrids as they do in the 
parent species. 

In the following preliminary investigation of species crosses in Aguzlegia, 
an attempt has been made to devise methods of morphological analysis 
which will on the one hand be useful in codifying the data from crosses 
between species, and which, on the other hand, will yield objective evidence 
as to the probable course of evolutionary development. This preliminary 
account is published to draw the attention of other workers to the problem 
in the hope that further methods may be developed. 

For a general study of interspecific hybrids the genus Aguzlegza is 
excellent material. Great morphological diversity between species is 
accompanied by unusual interfertility. The genus numbers roughly 
eighty to one hundred species, native to Europe, Asia, and North America. 
They exhibit remarkable morphological and ecological diversity, and can 
be grouped into at least five different sections. In spite of this diversity, 
every species cross which has been attempted has produced a first genera- 
tion hybrid, and all of these have been at least partially fertile. 

Morphologically the genus is particularly interesting by reason of its 
distinctive petals, which are sometimes interpreted as modified honey 
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glands (6). Fig. 1 represents the petals of eight species drawn to scale. 
As shown in the figure, they are developed anteriorly into a broad blade or 
‘Jamina’, and prolonged below into a more or less narrow spur with the actual 


a b c d e F g 
Fic. 1. Petals ot various species of Agzé/egia, in full face and in profile. (a) A. ecalcarata 
Maxim. (4) A. viridiflora, Pall. (c) A. fragrans, Benth. (d@) A. vulgaris, Linn. (¢) A. pyre- 


naica, DC. (f) A. caerulea, James. (g) A. Skinnert, Hook. (hk) A. canadensés, Linn, Natural 
size. 


j h 


gland at its apex. In the widespread section Cyrtoplectrae (A. vulgaris, d; 
and A. pyrenaica, e), which includes species in Europe, Asia, and America, 
the lamina and spur are about equally developed, and the latter is more or 
less incurved. Related to this section are several curious Asiatic species 
(represented in the figure by A. viridiflora, b; and A. fragrans, c) in which 
the lamina is much wider than long. In the living flower the wide laminae 
overlap and produce a peculiar cuplike effect. The American sections, 
Rhodanthe and Macroplectrae, are both characterized by long and narrow 
spurs. In the Macroplectrae (A. caerulea, f) the lamina is also well 
developed. In one member of this group, A. longissima, the spurs some- 
times reach a length of 15 centimetres. In the section Rhodanthe, repre- 
sented in the figure by A. canadensis (h) and A. Skinneri (g), the spurs 
are well developed and the laminae are short. 

In the Chinese species, A. ecalcarata, Maxim. (Fig. 1, a), and a few 
other related forms, the spur is represented by a small pouchlike gland. 
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There are good reasons for believing that this represents the ancestral con- 
dition of the genus rather than a ‘reduction’. In the first place it is 
similar to the honey glands at the bases of the petals in many of the related 
genera of the Ranunculaceae. In the second place, 4. ecalcarata differs 
from the remaining species of the genus in several other characters, such as 
the shape of its fruit, the colour of its flowers, and its general aspect. In all 
of these characters it reminds one of certain genera closely related to 
Aquilegia, such as /sopyrum or Anemone. Drummond and Hutchinson (8) 
even transferred it to Makino’s genus Semm-aguilegéa, concerning which they 
wrote: ‘Semi-aguilegia, with saccate petals, the only remaining link showing 
the origin of the remarkable genus Agzilegia, which as evidenced by the 
great variability of its species and its wide range, is probably still ina state 
of flux.’ 

Be that as it may,’ we undoubtedly do possess in the spur of Aguzlegia 
a series of forms showing various degrees of similarity, which might easily 
be arranged in a phylogenetic sequence. But in Aguilegia such a specula- 
tive arrangement can be treated experimentally, for the various members 
of the series are interfertile and can be crossed one with another. Not only 
that, but in ecalcarata we even possess ‘a living fossil’, similar to the 
ancestral type in many respects, yet capable of producing fertile hybrids 
with its more highly elaborated sister species. 

Cytologically, Aguzlegiais not very favourable material. The chromo- 
somes are very small; the pollen mother-cells are not easy to fix. The fol- 
lowing numbers have previously been reported : 


nl. 2M. Reported by 
A. alropurpurea. , ge a 14 Langlet 
A. chrysantha . 7 a és 2 9 Scalinska 
A. haylodgensis, Hort... 5 ‘ 14 Langlet 
A.vulgaris . : : Paey Winge 
A. vulgaris parviflora : 14 Langlet 
A. vulgaris x chrysantha . “ 2 SG Skalinska 


The following root-tip counts were made: 


A, flabellata, Hort. . 14 
A. chrysantha, Gray (New Mexico) 16 
A. chrysantha, Gray (Arizona) . ‘ 16 
A. vulgaris, var. ‘China Blue’ F 16? 


The chromosome numbers reported above indicate no gross chromo- 


1 See, for instance, Ulbrich (8). 

2 The flabellata was of commercial origin. The specimens of chrysantha were grown from 
seed from wild stands. ‘China Blue’ is the laboratory name of a variety which tumed up among 
the stocks originally got together at the John Innes Institution from various sources and hended 
over to the junior author in 1927. Its origin is unknown to us; it clearly belongs to 4 .vulgarés, 
L. and it breeds true.. It is slow growing, about halt the height of typical vz/gards but with flowers 
of the same size. The flowers are of a light-blue colour and tinged red in the bud. This very 
distinct variety has clearly originated from type wz/garis by some form of cytological aberration. 
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somal differences in the genus. Aguwilegia is, therefore, one of those genera 
like Ribes, in which sizes, shapes, and numbers of the chromosomes remain 
relatively constant in spite of great external differentiation between the 
species. 

The work reported below was begun independently by the senior and 
junior authors at the Missouri Botanical Garden and the John Innes Horti- 
cultural Institution respectively. In each case material of as many species 
as possible was obtained from seedsmen and botanic gardens. and a number 
of crosses were made. Experience has proved that practically all of this 
material is unreliable for precise work, and the study is being repeated with 
authentic material. The following crosses, however, were considered worthy 
of a preliminary examination, and it is with the results obtained from them 
that the present paper is concerned. 


. vulgaris compacta x A. formosa (1). 

. caerulea x A. vulgaris (2). 

. ecalcarata x A. chrysantha (3). 

. ecalcarata x A. vulgaris compacta (4). 

. chrysantha x A. vulgaris ‘ China Blue’ (5). 
. vulgaris x A. Jaeschkani (6). 

. vulgaris x A. chrysantha (7). 

. vulgaris x A. canadensts (8). 


ds ds A AS AR AS AS AS 


Certain regularities of interspecific dominance were apparent even in 
this material. They can be roughly summarized by saying that all of the 
first generation hybrids were more like Aguzlegia vulgaris (in the broad 
sense) than might have been expected. This was true even when A. vulgaris 
was not one of the parents. Similar results have been obtained by other 
investigators. Cockerell (2), for instance, crossed two American species, 
A. chrysantha and A. desertorum. As regards the hybrid he wrote: ‘ the 
form of the flowers departs from both parents in the direction of the A. val- 
garis group’. In none of the cases in the literature, however, were enough 
different crosses attempted to suggest that the ‘vulgaris’ appearance of the 
F, was a general phenomenon. It may be mentioned, however, that it is a 
common experience of those who grow Aguzlegia as a garden flower that 
the vast majority of seedlings from natural seed have the appearance ot 
vulgaris. 

Three of the most interesting crosses are illustrated in Fig. 2. The 
parents used were: 


1. A. ecalcarata, Maxim. (with practically no spur). 
2. Garden varieties of an American long-spurred species. 
3. A garden variety of A. vulgaris (medium spurred). 


In contrast to the great differences between the parents is the remark- 


Anderson and Schafer.— Species Hybrids in Aquilegia. 643 


able similarity of the hybrids. Theoretically we might have expected half- 
sister hybrids to show half the divergence of their unlike parents. That is 
to say, if we call the three species A, B, and C, and the F, hybrid between 


Aquilegia ecalcarata Aqulesia chrysantha’ 


008 ; i 


Aqutlegia vulgaris “compacta” 


Fic. 2. Dissections of A. ecalcarata, A.‘ chrysantha’ (garden form), and A. vulgaris‘ com- 
facta’ (garden form), with the F, hybrids between them. The hybrids are all very much alike, and 
resemble vzlgarzs much more than they do either of the other two species involved. 


A and B is represented as AB, and that between A and C as AC, and so on, 
we might have expected the following relations to hold: 


4(A-B) = AC-BC. 
$(A~C) = AB-BC. 
3(B-C) = AB-AC. 


A mere glance at Fig. 2 is enough to show that this is clearly not the 
case. The three hybrids are very much like each other, in spite of the great 
differences between their parents. If we test the matter objectively, our 
opinion is adequately confirmed. 

Not only are these three hybrids much more alike than we might reason- 
ably have expected, but they are more like A. vulgaris than they are like 
any of the other species involved. This is equally true of the other crosses 
studied. An attempt was made to measure the resemblances more exactly, 
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and the results are presented in Figs. 3and 4. Twocharacters were chosen 
for study, spur length and lamina length. In order to remove the effects 
of hybrid vigour, in so far as they cause changes in size, comparative ratios 
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Fic. 3. Analysis of the ratio lamina length/lamina width in first generation hybrids. The 
vertical lines represent the difference between the parents in respect of this character. The arrow 
indicates the position of the F, hybrid on the same scale. 1. A vulgaris compactax A. formosa. 
2. 4 caeruleax A. vulgaris. 3. A. ecalcaratax A. chrysantha. 4. A. ecalcaratax A. vulgaris 
compacta. 5. A. chrysanthax A. vulgaris ‘China blue’. 6 A. vulgarisx A. Jaeschhant. 
7. A. vulgaris x A. chrysantha. 8. A. vulgaris x A. canadensis. 


were used. Since the width of the lamina at the orifice is a relatively con- 
stant character it was used as a basis for comparison, the actual ratios 
studied being : 

1, Length of lamina / width of lamina. 

2. Length of spur /width of lamina. 


Figs. 3 and 4 represent for each of the eight crosses the position of the 
parent species on the two scales, the theoretical intermediate positions for 
the first generation hybrid, and its actual position (at the right). 

The tables present in a more exact way what has already been stated 
in general terms. In every case where the hybrid is not at the theoretical 
midpoint between the parent species, the shift isin the direction of medium 
length spurs and wide laminae. In other words, in species crosses in Aguz- 
legia there is a general dominance of medium length spurs over very long 
or very short spurs, and of wide laminae overlong laminae. Thisis without 
any evident relation to the particular species used, and is irrespective of the 
direction in which the crosses are made. 

The regularity of the phenomenon seems to be adequately established 
even by these preliminary studies. For its accurate interpretation further 
work with more authentic material will be necessary. Were it not for the 
results obtained with A. ecalcarata one might ascribe the phenomenon to 
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recombination, such, for instance, as is responsible for ‘ atavism’ in crosses 
between breeds of domestic animals. But A. ecalcarata, though certainly 
more ‘ primitive’ in its characters than A. vadgaris, is quite as recessive to 
A. vulgaris as are the ‘advanced’ American long-spurred species. 
41-45 
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Fic. 4. Similar to Fig. 3, but giving the ratio spur length/lamina width, 


It is not impossible that the whole problem is a more purely physio- 
logical one than might have been expected. It may be that the nuclear 
substances which produce medium spurs and wide laminae are more effec- 
tive when diluted than those which produce long spurs and long laminae. 
In that case we are down to the physiological growth relationships which 
have limited in a broad way the directions of evolution within the genus. 


The authors wish to thank Miss Irma Andersson-Kott6, who provided 
the nucleus of the material in 1927. 

Part of the work reported upon in the above paper was performed wh ile 
the senior author was a fellow of the National Research Council, to which 
due acknowledgement is made. 


SUMMARY. 


Preliminary studies indicate that species hybrids in the genus Aguzlegia 
tend to resemble A. vulgaris, even where that species is not one of the 
parents. 
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Introduction 


The association of more than two chromosomes at metaphase of 
meiosis in polyploids was first clearly observed by KuwaDA in Oryza 
sativa (1910), ISHIKAWA in Dahlia variabilis (1911) and MARCHAL in 
Amblystegium (1912). 

The nature of multivalent chromosome association at metaphase 
was first described by BELLING (1921) in triploid Canna. DARLINGTON 
(1928) working on Prunus, later distinguished two types of pairing, 
namely a) multivalent, resulting from prophase pairing and b) secon- 
dary, or post-synaptic association. The present writer described (1929) 
the association of varying numbers of bivalents at the first and second 
metaphases in Dahlia variabilis and other species. 

At this time the true nature of bivalent or multivalent as ociation of 
chromosomes was not realised. The work of NEWTON and DARLINGTON 
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(1929) and, in particular, DARLINGTON (1930b) has since established 
the nature and relation of prophase and metaphase pairing, and it is 
now possible to demonstrate the occurrence of two different types of 
chromosome association in polyploids. 

We may define these two modes of association as follows: 

Primary association 1) arises from prophase pairing and 
2) determines segregation. 

Secondary association 1) is a post-synaptic phenomenon 
and 2) does not affect segregation. It is a differential approximation 
of the bivalents in the equatorial plane. 

Secondary association is of widespread occurrence in polyploids, 
and provides a valuable criterion of homology in hybrid polyploids. It 
has been illustrated but not appreciated by numerous workers. The 
purpose of this paper is threefold, 1) to present an account of the 
observations substantiating the secondary association of chromosomes 
and to distinguish it from primary association 2) to make a general 
survey of the literature and drawings relating to this phenomenon, and 
3) to discuss its implications. 


Methods 


The observations have all been made on pollen mother-cells. Ma- 
terial was fixed in CARNOY-FLEMMING and CARNOY- 2 B.E., sectioned in 
paraffin wax at 16 and stained by the gentian-violet method. All the 
P.M.C. counts have been verified by observations on root-tip prepara- 
tions. Drawings were made at bench level with a SPENCER ABBE 
camera lucida, a LEITZ 2mm. objective (N.A. 1.4) and a ZEISS x 80 com- 
pensating eyepiece to give a magnification of 4100. All drawings are 
reduced to a magnification of 3400. The finer structural details have 
been omitted in most of the drawings which show the chromosomes in 
silhouette. Iam indebted to Mr. L. La Cour for the preparation of the 
material. 


Observations 
Dahlia Merckii (2n=86). 


In these studies the essential facts of secondary association have 
been deduced from observation on several species of Dahlia. To avoid 
needless repetition, the cytology of D. Merckit will be dealt with in 
detail, that of the other plants being described only as it differs from 
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this species. Owing to the smallness of the chromosomes in Dahlia, 
prophase is not as a rule suitable for a critical study, therefore the ob- 
servations presented heze have been made mainly on the stages from 
early diakinesis to second telophase. 


Prophase 


At zygotene the single threads are seen lying side by side in 
various degrees of approximation, and at diplotene loops are formed 
with several points of contact. Examination of early diakinesis shows 
that the 36 chromosomes invariably form 18 pairs which are approxi- 
mately equidistant from one another around the periphery of the 
nucleus. 


Diakinests 

In over 50 nuclei examined at diakinesis, only 4 cases were found 
of possible associations of more than two chromosomes. In 3 of these 
cases it was not possible to determine whether the associations were 
real (i.e. whether connections existed between the component members) 
owing to the unfavourable orientation of the chromosomes in the plane 
of vision. The fourth case was an apparent chain quadrivalent, but it 
was adjacent to the nucleolus, in the vicinity of which fixation is always 
poorest. No ring quadrivalents have ever been seen, and if the 4 cases 
mentioned above were quadrivalents, then from the disposition of the 
members they must have been chain quadrivalents. In that case their 
frequency is less than 1 to 200 bivalent associations. 

The bivalents are of two kinds: in the first kind the members are 
connected at one end only: in the second there are connections at 
both ends. At the beginning of diakinesis the pairs lie side by side 
and are somewhat elongated, but as diakinesis proceeds the chromatin 
contracts and a marked repulsion of all the chromosomes is seen. 
This results in the swinging apart and subsequent orientation of the 
component members of the type with a single terminal connection so 
that the two chromosomes are apparently paired ‘‘ end-to-end.’’ These 
observations are probably characteristic for all small chromosomes 
with terminal chiasmata. 

A consideration of the work of DARLINGTON on plants with large 
chromosomes shows that his conclusions in relation to the function and 
form of chiasmata provide a satisfactory explanation of the behaviour 
of the small chromosome of Dahlia. Chiasmata observed at diplotene 
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are completely terminalised, giving rise to the two types of terminally 
associated chromosomes found at diakinesis with one and two terminal 
chiasmata. 

The repulsion phase begins at earliest prophase and continues until 
mid-diakinesis, by which stage the chromosomes are sharply defined 
(Figs. la. and 2a). The spacing of the 18 pairs is fairly regular 
and moreover the members of each pair are seen to be repelled to 
approximately the same distance from one another. This distance is 
considerable, so that the connections are extremely attenuated and 
only visible in the best fixations. It is probably significant that 
although a state of repulsion exists between the two chromosomes of 
any given pair yet the attenuated connections of the bivalent type 
with two terminal chiasmata do not always stretch directly across the 
intervening space but are frequently curved in a manner similar to the 
‘lines of force’ in a magnetic field. 

If all the chromosomes repelled each other equally then we should 
expect a plant having a number of large chromosomes to show little or 
no mutual repulsion of the members of each pair, and therefore no 
attenuation of the terminal connections. This is seen in such illustra- 
tions as those by BELAR (1928) in Stenobothrus and NEWTON and Dar- 
LINGTON in Tulipa (1929). 

From mid-diakinesis onwards the degree of repulsion gradually 
diminishes. The chromosomes contract further, the members of each 
pair come close together, and the previously attenuated connections 
shorten and thicken. Simultaneously there is a general movement of 
the pairs away from the periphery towards the centre of the nucleus 
(Figs. 16, ¢ and 25). 


Pro-metaphase 


Diakinesis is terminated by a sudden acceleration of this con- 
verging movement, which results in the extremely close assemblage of 
the chromosome pairs in the centre of the nucleus (cf. Figs. 2c, d). 
This stage is very short. It is characterised by a marked grouping of 
hitherto unassociated bivalents. 

The chromosomes are now too closely packed to distinguish each 
separate pair. At this point orientation of the bivalents begins, so that 
they come to lie in the same direction as the spindle fibres, and by the 
time the arrangement in one plane for the first division is accomplished 
the pairs are again dispersed, as seen in a typical equatorial plate. 
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Fig. 1. 


Fig.1. Meiosis in Dahlia Merckii. (2n=386) 


a. mid-diakinesis. }. late diakenesis (bivalents at top focus shown in black, mid- 
dle focus stippled, bottom focus in outline). c. pro-metaphase. d. side-view MI 
(incomplete) showing secondary association of bivalents. e. association of 3 bivalents 
of similar configuration. fj. polar views MI, showing association of bivalents in 
twos and threes. j=maximum association (2 groups of 3 bivalents & 6 groups of 2 
bivalents). 


Metaphase 


An outstanding feature of the distribution of the chromosomes at 
this stage is the association or approximation of separate bivalents 
(Figs. 1/4). This association varies considerably, ranging from actual 
contact, perhaps an artifact, to a point where it ceases to be apparent. 
The degree of association in a given group may sometimes vary among 
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the components on either side of the equator of the spindle. When the 
association is close it is impossible to say from a polar view whether 
there is primary or secondary association. The criterion of secondary 
association is therefore comparison with diakinesis. 

Analysis of complete side views is extremely difficult and can only 
be made on the beginning of anaphase before the chiasmata have been 
resolved by separation. Fig.1d shows 16 of the 18 bivalents from a 
first metaphase. The bivalents have been set out in a line in the draw- 
ing, care being taken not to separate those which were in immediate 
proximity to each other. Eight bivalents are seen to be associated in 
pairs and the two bivalents comprising a pair are similar (i) in size and 
(ii) in configuration. (i.e. in having one or two terminal chiasmata). 
Three of these pairs lie in a plane at right angles to the line of vision, 
and in no case is there evidence of material connections. 

The bivalents marked (x) in Figs. 1d, e have two terminal chias- 
mata and are the last to divide at anaphase. The remaining bivalents 
apparently have single terminal chiasmata. 

Polar views show a marked secondary association of the bivalents 
into groups of two or three. Table 1 shows the number and kinds of 
association in 12 metaphase plates. Groups of 3 bivalents are common- 
ly found. The groups‘of 2 bivalents are tabulated in two columns ac- 
cording to the degree of association. Those closely associated are 


Table 1 


Association of bivalents at MI in Dahlia Merckii. 


Groups of Groups of 


8 bivalents 2 bivalents Bivalents 
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Fig. 2. Meiosis in D. coccinea (2n=82) 


a. mid-diakinesis. 6. late-diakinesis. c. pro-meta- 
phase (note association of bivalents). d. late pro- 
metaphase, orientation on spindle almost complete. 
e-f. polar views MI. (e=early metaphase). g. side 
view (complete) MI showing secondary association 
of bivalents. : 
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shown in the first column, 
those loosely associated in 
the second. The classifi- 
cation is necessarily arbi- 
trary with regard to de- 


: eiding where association 


begins. Considering the 
results together we find 
that association occurs be- 
tween 6 groups of 2 and 2 
groups of 3 bivalents. 
Anaphase is normal 
but secondary association 
is maintained. Interkine- 
sis is relatively short and 
at the 2nd metaphase 
some of the chromosomes 
are still associated. Tetrad 
formation is regular. , 


D. coccinea. 


The diploid number of 
chromosomes in this spe- 
cies is 32. In 126 cases 
of diakinesis examined, 
no association other than 
bivalent was observed 
(Figs. 2a, 6). At meta- 
phase of the first divi- 
sion pairs of bivalents are 
seen lying in juxtaposition 
(Figs. 2e, f). The degree 
of association is not so 
marked as in D. Merckii, 
and unlike this species 
some plates may be found 
in which there is little 
evidence of secondary as- 
sociation. A complete side 
view of first metaphase is 
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shown in Fig.2g. Six pairs of bivalents are clearly associated and in 
every case the members of each pair are similar in size and configura- 
tion. Four of these pairs of bivalents are in a plane at right angles to 
the line of vision, and although the components of each are very close 
together, no obvious connections are to be seen as between the quad- 
rivalents in D. variabilis. In four of these six associations (a—d) the 
bivalents have two terminal chiasmata; the other two associations 
(e, f) have single terminal chiasmata. 

Anaphase is mainly regular, but laggard univalents have been ob- 
served occasionally. 


D. coronata (2n=82). 


At diakinesis there are regularly 16 bivalents. At metaphase 
secondary association is of frequent occurrence. An account of the 
cytology of meiosis in this species was given in my 1931 Dahlia paper. 
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Fig. 3. Meiosis in D. variabilis (2n=64) 


a. polar view. Anaphase I (the bivalent in outline marked x has been displaced by 
the microtome knife). b-c. polar views MI showing groups of 2 and 3 bivalents. 
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D. variabilis 

The garden dahlia has 64 somatic chromosomes. I have dealt in 
detail with chromosome association in this species in a previous paper 
(1931). Briefly, about 3 or 4 ring quadrivalents and occasionally one 
sexivalent are found at diakinesis. The bivalents are conspicuously 
preponderant. At metaphase bivalents, quadrivalents and sexivalents 
occur, and in addition every degree of secondary association between 4, 
6 and 8 chromosomes (Fig 3 6, ce). Both types of association (multi- 
valent and secondary) often persist into second metaphase and it was 
at this stage that ISHIKAWA first noted the association of bivalents in 
Dahlia. 


Hidalgoa Wercklii. 


This plant was previously reported by me to have about 31 chromo- 
somes in somatic cells. P.M.C. counts have since definitely shown the 
number to be 30. 

A remarkable feature of metaphase I is the size differences between 
the bivalents and the marked association of bivalents of similar size 
(Fig. 4). Groups of 4 are common and groups of 6 have been seen. 
Hidailgoa is being studied further. 
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Fig. 4. Meiosis in Hidalgoa Wercklit (2n=30) 
a—d. polar views MI. Note size differences of groups. e. MII. 
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The theory of secondary association of chromosomes 


The main features of the study of meiosis in Dahlia may be sum- 
marised as follows. 

1. At zygotene the chromosomes pair laterally (parasynapsis). 

2. At diplotene two or more chiasmata per chromosome are found. 
The chiasmata are completely terminalised before diakinesis. Coin- 
cident with the onset of diplotene the paired chromosomes are distri- 
buted to the periphery of the nucleus. 

3. Diakinesis is essentially a repulsion phase which is fully main- 
tained until mid-diakinesis. 

4. The degree of repulsion gradually diminishes and diakinesis is 
abruptly terminated by the sudden converging of the chromosomes on 
the centre of the nucleus. This stage (pro-metaphase) is very brief 
and is characterised by the secondary association of a number of the 
bivalents. 

5. The chromosomes are orientated on the equatorial plate ready 
for disjunction, this orientation being accompanied by a radial disper- 
sion of the bivalents. 

6. A number of the bivalents are associated, but not materially 
connected, in groups of 2 and 8. The bivalents which thus associate 
secondarily are found to be of similar size and configuration. 

7. Anaphase proceeds normally and is followed by a short inter- 
kinetic stage. 

8. Association is also seen in the second metaphase. Tetrad 
formation is regular. 

Cytological observations by various workers (MCCLUNG 1917, SEILER 
1926, BELLING 1927, DARLINGTON 1929, and NEWTON and DARLINGTON 
1929) have shown that the pairing of chromosomes at meiosis is particu- 
late. At zygotene the chromosomes pair laterally, particle by particle, 
insomuch as the parts are similar. During the pairing stage breaks 
occur in the chromatids followed by reunion, of different strands. 
At diplotene the chromatids separate in pairs and the points of inter- 
change become conspicuous as ‘chiasmata’ according to the chiasma- 
type theory. The chiasmata apparently hold together the respective 
chromosomes until disjunction at anaphase of the first division, when 
the paired chromosomes separate and pass to opposite poles (DARLING- 
TON 1981). 

Now we have seen that, coincident with the onset of diplotene in 
Dahlia, there is a general distribution of the chromosome pairs to the 
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periphery of the nucleus, accompanied by repulsion between the pairs 
of chromosomes and members of the pairs. This repulsion force is 
most evident at mid-diakinesis and in view of the considerable attenua- 
tion of the chiasmata then found we may assume that maintenance of 
pairing through diakinesis is conditioned solely by the maintenance of 
chiasmata between the pairs, i.e. only those chromosome pairs which 
are materially connected will survive the repulsion phase of diakinesis. 

Chiasmata formation is however dependent upon zygotene pairing 
and therefore on the linear identity of the pairing chromosomes. If all 
parts are similar, the pairing will be complete and the maximum of 
chiasma formation will occur. If the chromosomes are similar only 
in part or in scattered portions of their length, pairing will be incom- 
plete and the chiasma frequency proportionately reduced. DARLINGTON 
(1929, 1980 b) has shown that chiasma frequency is proportional to 
chromosome length, and that this frequency is further modified by 
competition in pairing between more than two homologous chromo- 
somes. Now from this we may postulate that chromosomes which are 
homologous but whose number, linear differentiation and length do not 
permit of chiasma formation may yet have a general affinity for one 
another, and that under suitable conditions this general affinity would 
result in their association at metaphase. In Dahlia, and probably in 
most plants, this requisite condition is provided at pro-metaphase, 
when the pairs of chromosomes are in close proximity to each other. 
As we have seen, before pro-metaphase the bivalents are entirely un- 
associated, but following this stage the typical groups of two or more 
bivalents appear and often persist throughout the maturation divisions. 

On this hypothesis secondary association arises from the random 
approach of homologous chromosomes during pro-metaphase, which 
then remain in juxtaposition until they are again dispersed at the 
next repulsion phase. In many plants this second repulsion phase is 
interkinesis, but where this stage is short a certain proportion of 
association survives until the second division. 

We have therefore two types of chromosome association during 
meiosis and in particular at first metaphase, a) the pairing of homo- 
logous chromosomes which begins at zygotene and persists to first 
anaphase and b) association which arises from general affinity of 
homologous chromosomes, resulting in their juxtaposition at meta- 
phase of the first division. Both types of association may occur in 
the same individual, the respective numbers of each being determined 
from examination of diakinesis. 
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It has long been known that homologous chromosomes may often 
be found side by side in somatic metaphases. In the Diptera this 
behaviour is normal and it has been observed in a number of plants. 
If the affinity of homologues is evidenced by association at mitosis, 
then a priori there is no reason why we should not expect to find it 
at meiosis, especially if the conditions favour association. 

That the conditions do favour association at pro-metaphase has 
already been shown, but apart from this, the general configuration of 
the chromosomes at meiosis should not be overlooked. 

At mitosis they are usually elongated and moreover no stage is 
found comparable to pro-metaphase of meiosis; on the other hand the 
highly, condensed, spherical shape of the chromosomes at meiosis 
(especially in polyploid dicotyledons) permits of easier movement and 
give a greater chance of association along the whole length of the 
chromosome. 

In this respect it is noteworthy that secondary association is only 
found in plants with small chromosomes, a fact which may be at- 
tributed 1) to the difficulties of intimate association between chromo- 
somes of large size owing to the interpolation or proximity of masses 
of non-homologous chromatin, 2) and lack of space for free move- 
ment. 

In the evidence from the literature to be dealt with later in this 
paper reference is made to the similarity of size of associated bivalents 
in not a few of the drawings. It has frequently been stated and by 
numerous workers that size differences in polar view are of question- 
able value. This statement however needs qualification. It is obvious 
of course that if the bivalent is inclined to the angle of vision the size 
of the chromosome will seem larger on casual inspection, but it is nearly 
always possible to prove such an inclination by careful focussing up 
and down. Again if a chromosome is not round in transverse section 
but flattened in one direction then in side views its apparent size will 
be different according to which side is presented to the eye. (cf. LAw- 
RENCE 1931, pp. 295). In this case comparison of several side and polar 
views will usually reveal such non-spherical chromosomes. 

Differences of size in polar view at metaphase and, in particular, 
at anaphase, may be important. As has been shown, bivalents with a 
single terminal chiasma seem invariably to separate first at anaphase, 
whilst those with two terminal chiasmata are always slower. This 
may be ascribed to the greater length of chromatin which has to sepa- 
rate at disjunction in the latter type. Bivalents with sub-terminal or 
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interstitial chiasmata will take even longer to separate, and although 
these structural differences cannot as a rule be observed in small 
chromosomes, yet their results may be conspicuous at anaphase. Seen 
in polar view at anaphase the bivalents which are disjoining first 
are smaller in size than those which disjoin later, owing to the at- 
tenuation of the chromatin as the chromosomes are pulled apart. 
Thus size differences of a critical nature will be apparent at early 
anaphase, but not at metaphase unless the size distinction is a 
permanent one. The position of the attachment will also modify the 
configuration of small chromosomes in side view (cf. LAWRENCE 1931, 
p. 292). 

I mention these points because in the absence of structural detail 
in small chromosomes such differences of configuration and behaviour 
may assume critical proportions under careful observation. Mid-dia- 
kinesis is specially suitable for the study of chiasmata (i.e. after termi- 
nalisation) as these may be clearly seen at this stage, although only 
with difficulty later. 


Evidence from the Literature 
a) Cases where secondary association has been observed 


The association of more than two chromosomes at meiosis was first 
clearly observed by KuwaDA (1910) in Oryza sativa L. At metaphase 
of the first division, the 12 pairs of chromosomes are clearly discernible 
and the two plates figured present no unusual features. At the second 
metaphase however a varying number of the 12 bivalents associate 
intimately in pairs. KUWADA figures three second divisions. In the 
first (Text Fig. A.e. p. 271) four pairs of bivalents are shown; in the 
second (Fig. A.f.) there are probably five pairs and 4 pairs in the re- 
spective plates. The third figure (anaphase II) shows two closely asso- 
ciated pairs in each daughter complex. This association is not seen at 
diakinesis (Plate 8, Figs. 11, 12 and 13). Two somatic metaphases are 
also shown and in each there is marked association of morphologically 
similar pairs of chromosomes. This association is often end to end, 
the pairs appearing in the form of V’s or as single chromosomes with 
median constrictions. 

In 1911 ISHIKAWA reported a similar ‘‘pairing’’ of the chromosomes 
at the second, but not at the first, metaphase of D. variabilis (2n=64). 
Inspection of his drawings, however, shows several associations of two 
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and three bivalents respectively at first metaphase (Figs. III and V), 
though the association is not so pronounced as in the second meta- 
phases figured, and varies in degree. ISHIKAWA makes no mention of 
chromosome association in Dahlia coronata (2n=32) which he also ex- 
amined, but his figures of that species show a similar grouping of 
bivalents at first metaphase (Fig. II) and especially at second metaphase 
(Fig. VI). The association is not so strong as in the same stages in 
D. variabilis. ISHIKAWA does not say whether the bivalents are asso- 
ciated at diakinesis in these species. He concluded that the association 
of pairs of bivalents was a sign of their homology, and further that 
D. variabilis and D. coronata were tetraploid and diploid species respec- 
tively. 

The associations which MARCHAL observed in Amblystegium were 
apparently all, or nearly all, quadrivalent rings, and therefore are 
not relevant to this discussion, not being due to secondary asso- 
ciation. 

No further mention is made of the association of chromosomes until 
Frost (1925) reported with regard to some tetraploid Citrus seedlings 
that ‘‘ part or all of the bivalents are often more or less closely associ- 
ated in quadrivalent groups.’”? CRANE and DARLINGTON (1917) also refer, 
to frequent ‘‘ secondary association’’ in Rubus species and hybrids as 
an indication of the homology of the chromosomes. HAGERUP (1927) 
found association of bivalents in Empetrum hermaphroditum (2n=52), 
and this association, unnoticed by HAGERUP, is also seen in his drawings 
of first metaphase in F. nigrum (2n=26). DARLINGTON (1928) working 
on Prunus, reported that ‘‘a careful study of most plates seen in polar 
view shows that the bivalents are to a certain extent lying in pairs.”’ 
He further stated that ‘‘this secondary pairing, begun at diakinesis, 
is perhaps most strongly developed at metaphase of the first division. 
It is not therefore a development of or continuation of a prophase rela- 
tionship—but must be a secondary association.’’? Secondary associa- 
tion was also observed and figured by BUXTON and NEWTON (1928) in 
Digitalis species and hybrids. 

In each of the species and hybrids studied by the above workers 
primary and secondary chromosome associations occur together, but at 
this time no certain distinction could be made between the two types 
of association. As the true nature of prophase pairing became under- 
stood it was possible to differentiate between the types of association, 
by examination of the critical stage of diakinesis, and from other 
evidences to be discussed later. 
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In the meantime MEURMAN (1929) LAWRENCE (1929) and DARLING- 
TON (1929, 1930) had abandoned the view that secondary association was 
a distinct phenomenon, attributing the apparent absence of material 
connections between associated bivalents to the extreme fineness and 
attenuation of the threads in these small-chromosomed plants. 

Further study of meiosis in Dahlia however has provided evidence 
which, in conjunction with other workers’ results, establishes the 
reality of this second type of association of homologous chromosomes. 
A brief discussion of secondary association was given in my papers on 
Incompatibility (1931) and Dahlia (1931). Further evidence as to its 
reality is supplied by the work of my colleague Mr. A. A. MOFFETT on 
the Pomoideae (1931). Thirty-one species from eleven genera all show- 
ed pronounced secondary association of the bivalents. Twenty-two 
species were ‘‘ diploids’? (n=17) and MOFFETT notes that ‘‘in the great 
majority of divisions examined at diakinesis seventeen bivalents were 
observed.’’ The number of groups observed at metaphase is never less 
than seven with never more than three bivalents per group. Maximum 
association is three groups of 6, and 4 groups of 4 chromosomes. The 
cytological evidence from Pyrus and other forms suggests that the ‘‘dip- 
loid’’ species are secondary polyploids with 7 as the basic chromosome 
number, three chromosome types being represented 6 times and four 
types four times. The frequency of the respective groups at meta- 
phase leads MorFretT to the conclusion that secondary pairing in the 
Pomoideae is determined by the constant qualities of the chromosomes 
and is not merely an accident of fixation. It is highly significant that 
DARLINGTON and MoFFETT (1980) observed primary association to be 
more frequent in ‘‘triploid’’ than in “‘diploid’’ apples. Thus chromo- 
somes whose homology could only be inferred in the diploid by their 
secondary association, are shown under suitable conditions (i.e. in the 
absence of competition in the triploid) to be identical in part, by their 
primary association. The evidence from Pyrus therefore is proof of 
the homology of chromosomes which associate secondarily. 


b) Cases in which secondary association may be inferred 


Evidence of secondary association in the literature is so profuse 
that reference can only be made to the more obvious examples. The 
value of this evidence from the drawings of other workers is, of course, 
mainly dependent on an unknown factor—the quality of fixation. This 
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is especially true in the absence of 1) any comment as to fixation and 
2) comparison between different stages of meiosis. 

Assuming that fixation has not produced clumping, in many of the 
examples listed in the table secondary association is quite obvious. In 
others it is less obvious, but in this connection we must remember that 
the cytologist always chooses the ‘‘best’’ plate to draw, i.e. the plate 
which shows the most even distribution of chromosomes in polar view. 
Thus an unconscious selection is made of plates showing the least 
grouping of bivalents. It may be taken for granted that when associa- 
tion is seen in these plates, then it most certainly will be more pro- 
nounced in others not figured. 

It is realised that no final conclusion can be drawn from inspection 
of the drawing of other workers. From experience of secondary as- 
sociation in Dahlia however, the orientation, disposition and grouping 
of bivalent chromosomes in the many drawings examined strongly 
suggest that this association does occur in a great number of cases. 

I would emphasise therefore that the comments on the references 
listed in Table 2 and the table itself are offered as a basis for further 
investigation rather than at the expression of a final opinion. The 
following brief notes are designed to direct attention to points of 
special interest in the papers quoted in Table 2. 


Saccharum. 

BREMER reports that at diakinesis it is usual to find the full number 
of bivalents. Attention is drawn to the association of bivalents of 
similar size. Multivalent association is, at the most, rare in the species 
and varieties studied, yet pronounced groups of 2, 3 and 4 bivalents are 
clearly shown (e.g. Fgs. 54). 


Cotton (DENHAM 1924). | 

Association in the n=13 forms suggests that these, like Pyrus, are 
secondary polyploids in which certain chromosome types have been 
duplicated. It is possible that Brassica sativa and oleracea (WINGE, 
KARPECHENKO) along with related forms are likewise secondary diploids 
(see LAWRENCE, 1980, pp. 296). 


Senecio (AFZELIUS 1924). 

The basic number of this genus is 5 (cf. S. disctfolius, Emilia 
sagittata and E. sonchifolia). The drawing of Othonna carnosa shows 
association of bivalents; note similarity in size of associated bivalents 
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in S. vulgaris (Fig. 25a andb). AFZELIUS does not give both diakinesis 
and metaphase for any of the species examined, but no multivalents 
were found in S. Heritieri (n=80), S, adonifolius (n=20) or S. cinerea 
(n=20) which are 12-ploid and octoploid respectively. 


Xanthium (SYMONS 1926). 
Note groups of two and three bivalents and cf. Dahlia Merckit. 


Hypericum perforatum (WINGE 1925 and NIELSON 1924). 


Note sizes of associated bivalents. WINGE’s figure 28 b shows 
two pairs of associated bivalents in side view. 


Raphanus-Brassica hybrids (n=18) (KARPECHENKO 1927). 


In these hybrids no bivalents occur at diakinesis. Note the secon- 
dary association of univalents, in Figs. 13 ete. 


Viola (CLAUSEN 1927, 1928, 1929). 


A great number of the numerous drawings show pronounced as- 
sociation of bivalents in every degree. It is highly probable that much 
of this is multivalent association. Diakinesis of V. pinnata (n.= ca 24) 
however shows a preponderance of bivalents, and the loose association 
of bivalents in the drawings generally, strongly suggests that secon- 
dary association is common. See in particular V. striata (n=10) Fig. 5 
(1929). In this side view of metaphase I there are apparently four of 
one chromosome type, and three of two others suggesting duplication 
of types. Note also the sizes of associated bivalents in Figs. 43, 100 
and 107 (1928). 


Aesculus (SKOVSTED 1929) 


A. pavia (n=20) has larger chromosomes than A. hippocastanum 
(n=20). In both these forms described as ‘‘diploid’’ a loose, but 
obvious association of the bivalents is discernable. A. carnea is a 
hybrid of these species in which doubling of the chromosome comple- 
ment has occurred. In Fig. 8 the large chromosomes are associated 
with large and the small chromosomes with small. SKOVSTED’s figures 
provide a convincing demonstration of secondary association, as the 
associations are too loose to be multivalents. 


Betula (WOODWORTH 1929). 


WooDWORTH supposes the basic number of this genus to be 14, but 
his drawing of B. japonica (PI. XI Fig. 13) and the cytological situation 
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in Corylus point to a basic number of 7. B. papyrifera and the tetra- 
ploid var. cordifolia would be therefore decaploid and octoploid respec- 
tively. WooDworTH has a significant note on the association of univa- 
lents in pairs in D. japonica var. mandshurica (n=28). This may be 
autosyndesis or secondary association. 


Corylus (WOODWORTH 1929). 


The chromosome number of all the species is n=14. ‘‘ Throughout 
the forms there occurs a fusion of one, two or three pairs of bivalent 
chromosomes, thus often causing the haploid number to appear to be 
lower than fourteen.’”’ Figs. 1, 21 and 27 (diakinesis) show 1, 2 and 3? 
quadrivalents respectively. Secondary association of the bivalents is 
seen at metaphase. WooDWORTH concludes ‘ Corylus exhibits no poly- 
ploidy ’’! Note the grouping of bivalents in Alnus (Figs. 48-50). 


Solanum species (LONGLEY and CLARK). 


The drawings of metaphase in diploid species (n=12) suggest that 
6 was the original basic number of the Solanaceae (cf. Fig.1d). Note 
the association of univalents in Fig. 6 a and b. 


Nicotiana. 


BRIEGER, (1928). Note sizes of associated chromosomes. 

CHIPMAN and GOODSPEED (1927). Note secondary association in the 
haploid N. purpurea (P1.5, Fig.15). The authors remark that ‘‘ the 
occurrence of ‘ bivalents’ at I M is not a reflection of pairing before 3rd 
contraction, because no evidence can be found of bivalents at diakinesis 
or earlier”’ (the italics are mine). Their suggestion that the close 
association of the chromosomes during 8rd contraction produces varying 
amounts of adhesion between the univalents is interesting, but, as they 
remark, if it were merely such a mechanical effect then larger groups 
of more than two chromosomes would be expected. The largest groups 
found however were of 3 univalents only. It seems probable that the 
N. purpurea haploid, like the Brassica-Raphanus hybrids, provides 
direct evidence of the secondary association of homologous univalent 
chromosomes. 

Comparison should be made between the drawings of BRIEGER, 
GOODSPEED and CLAUSEN, GOODSPEED, CLAUSEN and CHIPMAN, and 
CHIPMAN and GOODSPPED to see the apparent association of univalents 
in all cases. Cf. also KARPECHENKO (1927, 1928) and WoopworTH 
(1929) on Betula japonica var. mandschurica. 
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The association of univalents is dealt with in the discussion which 
follows. 


Discussion 
a) Fixation 


The quality of fixation in connection with secondary association is 
of prime importance. How can we recognise a good fixation in plants 
with small chromosomes? In general terms we can say that we have 
good fixation whenever the chromatin can be structurally related in all 
stages of meiosis. The fixation is good if the fine details of structure are 
clearly defined and no shrinking of the cytoplasm or general contraction 
of the nuclear contents is found. ‘‘ First’’ and ‘‘second’’ contraction 
during prophase are the results of poor fixation. The appearance of 
interconnecting strands at diakinesis likewise indicates poor fixation. 
In particular no clumping of the chromosomes at metaphase should be 
found. Now this is just the condition which might be confused with 
secondary association, for whereas a really bad fixation may obviously 
and excessively clump the bivalents, might not a better, but still poor, 
fixation reproduce the grouping of chromosomes characteristic of se- 
condary association ? 

Experience suggests that there need be little doubt of the answer 
to this question if adequate study has been made. If, for example, the 
disposal of the bivalents on the equatorial plate as seen in polar view is 
such that although no bivalents are touching yet they are distributed in 
groups which occupy the whole of the spindle then, apart from other 
considerations, we can be fairly sure that fixation has not produced 
clumping. 

Nevertheless, it must be insisted that secondary association cannot 
be determined from inspection of a solitary metaphase plate. It is 
probable that various accidents will sometimes associate bivalents, thus 
simulating secondary association. The only proper criterion of asso- 
ciation is the examination of a sufficient number of stages of diakinesis 
and metaphase in order to arrive at an estimation of the constancy or 
otherwise of the associations found. 

Variable penetration of the fixative will give reliable and unreliable 
plates in the same section, and a given fixative may give good results 
for one stage but poor for another. Just as in a diploid, every polar 
view of metaphase will not show perfect dispersion of the bivalents, 
for the same reason a parallel variation will be found in the polyploid. 
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Indeed if the number of the chromosomes is much greater than in the 
diploid then the chances of false association, probably arising from 
irregularities of fixation, are correspondingly increased. With good 
fixation, secondary association is easily determined; with a slightly 
doubtful or variable fixation a final conclusion can only be made after 
careful comparison of a number of plates. 

That secondary association is not essentially an artifact is shown 
by the following :— 

1) Itis found to be constant in the best of fixations. 

2) The average number of chromosomes per association and 
average frequency of each kind of association (whether of 4, 6 or 8 
chromosomes, etc.) is characteristic for a given species but varies from 
species to species. (Cf. Dahlia Merckti, D. variabilis, Pyrus Malus ete.). 

8) At metaphase associated bivalents are seen to be similar in 
size and configuration, i.e. they are structurally identical in respect of 
the position and number of chiasmata and in the position of their 
attachments. 

These are phenomena which cannot be attributed to a chance 
‘‘clumping’’ induced by bad fixation. It is probable however that a 
fixative which produced slight clumping would accentuate the associa- 
tion of chromosomes already in juxtaposition. 


b) The Allopolyploid 


The homology, affinity and pairing of chromosomes in the polyploid 
were examined by DARLINGTON (1928). In the following pages the 
relationship and behaviour of chromosomes in polyploids are discussed, 
more particularly as they refer to secondary association. 

Secondary association is a phenomenon intimately connected with 
allopolyploidy. The reason for this is clear on consideration. The allo- 
polyploid arises from the hybridisation of two different species. Asa 
rule the hybrid will be sterile and under natural conditions will fail to 
survive unless 1) it arises from the fusion of unreduced gametes, 2) 
chromosome doubling follows hybridisation. In either case each chro- 
mosome received from the parents is represented twice in the hybrid, 
i.e. it has a mate, and conjugation and disjunction will, as a rule, pro- 
ceed normally. As we shall see there is, on theoretical grounds, an 
ideal condition of allopolyploidy with a high survival value, and for the 
purpose of discussion the following remarks are based on this ideal 
allopolyploid. In newly arisen allo-polyploids variation in the direc- 
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tion of auto-polyploidy occurs and it is often impossible to draw any 
line of distinction between the types. 

In the ideal allopolyploid chromosome pairing occurs within the 
parental sets and never between them, therefore although such an in- 
dividual may breed true it is in the strictest sense heterozygous in con- 
stitution. Allopolyploidy therefore confers hybrid vigour (in a general 
sense, and not necessarily to be measured by comparison of size). 

Moreover, since fertility is directly correlated with regularity of 
the meiotic processes the true allopolyploid will show a maximum of 
fertility, as each pair of conjugants is exactly identical, and different 
from every other pair. Allopolyploidy therefore promotes fertility. 

This combination of vigour and fertility has a high survival value, 
in consequence of which the great majority of seed-bearing polyploids 
are allopolyploid. 

As we have seen, the condition of allopolyploidy requires that the 
chromosome complements of the respective parents should be differen- 
tiated to such a degree that pairing should rarely or never occur 
between chromosomes from opposite parents (Cf. Primula kewensis, 
Tetraploid, NEWTON and PELLEW 1929). If it does occur, fertility is 
invariably decreased. But the fact that two species will cross to give 
even a sterile hybrid implies a certain relation between them, and as the 
constitution of the chromosomes is mainly responsible for the identity 
of the individual it follows that the chromosomes must be more or less 
structurally related. Similarity in gross structure has been observed 
and illustrated in numerous cases, while genetic evidence indicates that 
genic homologies occur in like manner. 

Thus the ideal condition of allo-polyploidy demands that the cor- 
responding chromosome types from the parental species shall be too 
different to pair. Hence differentiation between the parental chromo- 
some sets is vital to survival. In terms of pairing, complete differen- 
tiation of the bivalents assures stability of the meiotic processes and 
promotes fertility. If multivalent association occurs within the parental 
sets of high polyploids it will almost always be of a regular kind in seed 
bearing plants and moreover reduced toa minimum. Multivalent pairing 
impairs fertility unless compensated for by accidents of structure and 
behaviour which ensure regularity in the alternation of generations. 

Moreover in a (historically) new hybrid-polyploid, there will be a 
tendency to conserve any structural differences between similar chro- 
mosome types of the parental sets. For example, if slight variation 
occurs among 4 identical chromosomes, so that they are most alike in 
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pairs, the probabilities are that competition in chiasma-formation will 
exaggerate this difference and ultimately lead to bivalent in place of 
quadrivalent formation. Thus in the diploid Primula kewensis, verti- 
cillata regularly pair with floribunda chromosomes, but in the tetraploid 
this rarely occurs. In short, we shall find that although correspond- 
ing chromosome types in the allopolyploid do not normally pair, they 
will have a general affinity for one another resulting in secondary 
association. 

In the auto-polyploid, secondary association may be expected be- 
tween chromosomes which have failed in multivalent associations. 

The consequence of the high survival value of chromosome differ- 
entiation in the allopolyploid is a progressive evolution in the direction 
of functional diploidy. This will be true not only for orthoploid species 
but for forms (like Pyrus) in which chromosome types are represented 
in varying numbers. 


c) Secondary Association as a criterion of homology 


The ultimate consequence of the progressive differentiation refer- 
red to above is the establishment of species with a new basic number. 
If the affinity of chromosomes is directly proportional to the degree of 
their identity, the secondary association should be found in varying 
degree, and generally we might expect this degree to be correlated 
with the age of the species. 

As secondary association is only observed in plants with small 
chromosomes it is usually impossible to compare even the major differ- 
ences between chromosome types, hence in the absence of multivalents, 
secondary association provides the only criterion of homology available. 
Thus, ignoring the evidence from the occurrence of multivalents in 
Dahlia variabilis, the association of the bivalents in groups of 3 and 4 
is an indication that this species is octoploid and not tetraploid as sup- 
posed by IsHIKAWA. By the same token D. coronata and D. coccinea 
are tetraploids and we are able to judge their degree of polyploidy in 
the absence of any diploid forms. In this respect D. Merckiv is partic- 
ularly interesting insomuch as secondary association completely sub- 
stantiates the assumed basic number of 8 for the genus Dahlia. More- 
over in D. coccinea the incidence of the two chromosomes types coupled 
with secondary association enables one to confirm this conclusion in a 
striking manner. In the side view illustrated in Fig. 2g secondary 
association indicates four chromosome types with two terminal chias- 
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mata and four types with a single terminal chiasma. Without secon- 
dary association no evidence whatever exists for the duplication of 
chromosome types, in this and other species. 

In the Pomoideae secondary association has enabled DARLINGTON 
and Morrett (1930) and MorFetrt (1931) to demonstrate that the hap- 
loid chromosome number of 17 is a secondary basic number derived from 
an ancestral form with 7 pairs of chromosomes. Similarly in Rubus 
(CRANE and DARLINGTON 1927) and Prunus (DARLINGTON 1928) in which 
diploid and polyploid forms occur, the numerical relation of the dif- 
ferent chromosome-numbered forms is in agreement with the second- 
ary association observed. In Hidalgoa, which has chromosomes of 
varying sizes, chromosomes of the same size are secondarily associated 
at metaphase in groups of 2 and 8. This genus is being studied fur- 
ther. At present there is no evidence that multivalent association 
occurs, but we may infer that Hidalgoa is a secondary polyploid with 
some chromosome types represented 6 and others 4 times. Mention 
has been made of Kuwapa’s drawings of metaphase in Oryza sativa in 
which 4 or 5 groups of 2 bivalents each are figured. It is interesting 
to note that CHAO (1928) and others report the occurrence of 5 duplicate 
factors in this species. While it is possible that duplication of parts of 
chromosomes has given rise to some duplicate factors it seems probable 
in this and other cases (p. 876) that they may be attributed to chromo- 
some duplication. If this is true then the genetics of Oryza not only 
confirm the evidence of secondary association but also indicate this 
species to be a secondary polyploid derived from a form with 7 pairs of 
chromosomes, in common with the majoriry of the Gramineae. The 
evidence suggests that Zea similarly may have arisen by duplication 
of a portion of the chromosome complement. The genetics of Oryza 
should prove of great interest in view of the fact that this genus is 
amenable to genetic analysis, which is difficult in Pyrus. 

As previously stated, no final conclusions can usually be based 
upon the evidence of secondary association inferred from the literature. 
But in certain cases this evidence is so significant that there is little 
doubt as to the reality of the apparent associations depicted. 

Thus the evidence from secondary association in Betula is con- 
firmed by the quadrivalents found in Corylus, and indicates that the 
basic number in the Betulaceae is 7. Similarly we may infer that the 
secondary association found in the following genera indicates that they 
are secondary polyploids, viz.:—Saliz 19; Gossypium 18; Xanthium 
18: Ficus 18; Vitis 19. It is highly probable that natural orders 
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and genera with high basic numbers will be found to be polyploid or 
secondarily polyploid (cf. Salicaceae, Betulaceae, Moraceae, Magnolia- 
ceae, Vitaceae etc). The absence of low numbers in these and other 
genera and orders would seem to imply that the polyploid forms had a 
distinct advantage over the ancestral diploid forms, all of which are 
now extinct. Thus it may be true that the genus Solanum, in which 
no species is found with less than 24 chromosomes, arose from n=6 
forms. The occurrence of related genera with less than 24 chromo- 
somes (viz. Petunia n=7, Nicotiana n=9 and n=10) seems to support 
such a conclusion, though it cannot be denied that chromosome fusion 
would also account for these lower numbered forms. The related 
orders Labiatae and Scrophulariaceae both have a low basic number. 
The apparent association of the 12 chromosomes of the haploid sets of 
Solanum species figured by LONGLEY and CLARK (1980) possibly indicates 
such a constitution for Solanum as outlined above. 

If the tempo of differentiation, by point mutation or by structural 
reorganisation of the chromosome complement, is more or less uniform 
throughout the plant world then, chromosome size apart, we might 
expect the oldest allo-polyploid species to show the least secondary as- 
sociation. Where differentiation is complete and the individual is vir- 
tually diploid then no association would be expected. 

Fragmentation, reduplication, translocation and segmental inter- 
change have undoubtedly played an important part in the evolution of 
new forms, and because these phenomena do occur we cannot preclude 
the possibility of secondary association between chromosomes which 
have been structurally reorganised. Segmental interchange has now 
been demonstrated in six diploids” and in view of the fact that ring 
formation is regular in these cases it follows that secondary association 
will occur under similar and favourable conditions. 

The study of meiosis in the “‘ haploid’’ derivatives of polyploids is 
becoming increasingly important. This is especially true in regard to 
the allo-polyploid, for in the absence of the homologues which regularly 
pair with their kind, the more remote affinities of the constituents of 
the haploid set are freely expressed. The behaviour of univalents may 
also be observed in hybrids in which a certain number of chromosomes 
are without mates or fail to form chiasmata with their homologues. 

In meiosis of hybrids the distribution of the univalents on the 
spindle is usually entirely fortuitous, except that they are sometimes 


1) Pinus, Zea, Campanula, Briza, Oenothera and Datura. 
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dispersed to the periphery of the spindle, without regard to the posi- 
tion of the equator. Should secondary association occur among uni- 
valents, then we might expect a random distribution and orientation of 
the pairs of univalents. This has been observed by MOFFETT in the 
secondary triploid Pyrus minima (2n=51). In this species about 18 
univalents are commonly seen at metaphase of the first division, but 
they are frequently associated in pairs, as many as 4 pairs being found 
distributed at random with the remainder of the univalents round the 
periphery of the spindle. On the other hand we cannot preclude the 
possibility of univalents associating in such a manner that their attach- 
ments would be diametrically opposite, i.e. their close association would 
simulate true bivalent association, except for the absence of chiasmata. 
As a result of such an association it is possible that pairs of univalents 
would align themselves on the equator and pass to opposite poles. 

So long ago as 1905 WILSON observed and described an association 
of this kind in the Hemiptera. In the material he studied the small 
m-chromosome did not pair at prophase. ‘‘ As the spindle forms the 
two micro-chromosomes....approach each other, and in the stage just 
preceding the metaphase finally conjugate to form the small bivalent 
chromosome. Without fusing, the two halves are then immediately 
separated, the division always taking place more rapidly than in the 
case of the larger chromosomes ”’” (my italics). 

‘It is possible that the paired univalents in Nicotiana purpurea 
haploid behave in a similar manner on the occasions when they are 
apparently aligned on the equator. CHIPMAN and GOODSPEED however 
did not observe the distribution of these ‘ paired’ univalents. 

In conclusion, it should be noted that the deduction of a polyploid 
nature for a number of the species mentioned in this paper is not 
without genetical support. The complex results obtained in breeding 
experiments on such plants as Cotton (HARLAND 1929-30, KEARNEY 1930 
ete.), Geum (MARSDEN-JONES 1930), Brassica (PEACE 1926, MALINOWSKI 
1921), Viola (CLAUSEN 1927, 1929), Cardamine (CORRENS 1912), Solanum 
tuberosum (SALAMAN 1910, 1980) (CoLLINS 1924), Lythrum Salicaria 
(BARLOW 1928, East 1927), Pyrus (CRANE and LAWRENCE 1931, WELLING- 
TON 1924) etc. are all indications of polyploidy. For in the allo-poly- 
ploid, inheritance will be in the direction of disomy but modified by the 
action of duplicate factors (PEACE 1926, SHULL 1929; LAWRENCE 1931; 
MUNTZING 1929; MANGELSDORF 1930) CHAO 1928, and by factors which, 


1) Cf. notes on disjunction on p. 363 of this paper. 
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once identical, have differentiated and now govern the same character 
in different ways (cf. J, Y, A and B in Dahlia variabilis, LAWRENCE 
19381). 

The theory of secondary association advanced in this paper has 
been confirmed and amplified by further work on Cardamine pratensis 
and Verbascum phoeniceum, an account of which is now in the press 
(LAWRENCE). 


Summary 


1. A detailed account is given of the behaviour of the chromo- 
somes from diplotene to second anaphase in Dahlia Merckii (2n=36), 
D. coccinea (2n=82), D. coronata (2n=82) and D. variabilis (2n=64). 

2. Two kinds of chromosome association are found in these 
species : 

a) Primary Association, arising from particulate pairing at zygo- 
tene and determining segregation at metaphase. 

b) Secondary Association, arising at pro-metaphase and due to the 
general affinity of homologous chromosomes. This does not affect 
segregation. The chromosomes first associate at pro-metaphase 
when they are in close proximity to each other. 

3. As first described by DARLINGTON, the primary association of 
chromosomes at metaphase is shown to be solely due to the mainten- 
ance of chiasmata formed at pachytene. Only those chromosome pairs 
or multivalents which are materially connected by chiasmata survive 
the strong repulsion phase of diakinesis. This repulsion results in the 
radial dispersion of the bivalents to the periphery of the nucleus, 
coupled with an equal aversion between the pairs and the members of 
each pair. The repulsion is fully maintained until mid-diaknesis, and 
then gradually diminishes to pro-metaphase, when the close proximity 
and general affinity of homologous chromosome results in groups 
of secondarily associated chromosomes at metaphase. The frequency 
and size of the group is characteristic for a given species. The impor- 
tance of the diakinetic phase in differentiating primary and secondary 
association is emphasised. 

4. The theory of secondary association is discussed and evidence 
from the literature presented. 

It is claimed that secondary association is evidence of more remote 
affinities than can ever be expressed in primary association in a poly- 
ploid. This is proved by the occurrence of true (primary) association 
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in triploid Pyrus between chromosomes which only show secondary 
association in the diploid form. 

5. The effects of fixation, the correlation between allopolyploidy 
and secondary association and finally the value of secondary association 
as a criterion of homology are discussed. 
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SOME REMARKS ON THE PHYSIOLOGY OF 
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F. W. SANSOME, Ph.D., F.R.S.E., John Innes Horticultural Institution 


AT the present time remarkably little is known concerning the 
physiology of sexual differentiation in plants, but it seems 
profitable, at a Sex Congress, to consider a few of the known 
facts, in order that comparison may be made with those in 
animals. 

Plants, unlike most animals, do not have an early differentia- 
tion of soma from germ track. Differentiation may occur in 
almost all living tissues of the plant. The soma is not in a 
separate line of descent from the germ track. Neither does a 
plant have a hormone mechanism at all strongly developed. 
Several workers (Riede, Haberlandt, etc.) have suggested that 
something analogous to hormones in animals is present in 
plants, but such agents seem to play a negligible part in regard 
to sex. 

The plant is morphologically well developed sexually. In 
all plants, with the exception of some of the lowest Thallo- 
phytes, the gametophyte is morphologically sex differentiated, 
while the sporophytes of some species of alge and ferns, and 
of all higher plants, are differentiated for sex to a greater or 
lesser degree. 

Sharp (1925) brings out the fact that, as one passes from the 
lower to the higher plants, there is a tendency for the sexual 
differentiation to encroach more and more into the morphology 
of the sporophyte generation. In Spherocarpus, where Allen 
found allosomes, and in some other Bryophytes the gametophytes 
only are male or female ; the sporophyte is not sexually differen- 
tiated. In the flowering plants, differentiation into stamens and 
ovaries is a step in the differentiation of the sporophyte, which 
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may be carried further, in certain cases, to the inflorescence, 
giving a moncecious species, or even to the whole plant, giving a 
true dicecious species. Thus we have in higher plants complete 
differentiation of the gametes and degrees of differentiation of 
the plant body. 

The differentiation of the plant body in regard to sexuality 
will be considered first. 

Heterochromosomes have been found in a number of plants 
distributed irregularly throughout the Orders and Phyla of the 
plant kingdom (cf. Sinoto). Generally, except Bryophytes, 
the plants with a sex chromosome mechanism are sexually 
differentiated throughout the whole sporophytic generation. 
Secondary sex dimorphism occasionally occurs, but it is prob- 
ably always of a secondary genotypic nature and is not due to 
gonadic activity. 

The males of Mercurialis annua are lighter green, with 
longer internodes than the female and earlier in flowering. In 
hemp, the difference between males and females can be detected 
in the seedling stage by the longer internodes and darker green 
colour of the males. The length of pedicel of the flower of 
Szlene Remert, S. Otites, Antennaria dioica and Petasttes is 
greater in the female. The female starts to flower on the 
average before the male in Cannabis sativa, Humulus japonica, 
A. lupulus, Mercurialis annua and in Salix species. The 
modification of the flower alone, according to sex, is of frequent 
occurrence, and extreme cases of floral dimorphism such as in 
several of the Orchidacee and Restiace@ are known (cf. Geebel). 

Sex-linked factors are present in Melandrium, where the 
male has a heterochromosome pair. The narrow-leaved char- 
acter is controlled by a factor on the X chromosome, and there 
is probably a pollen lethal carried on the Y chromosome 
(Shull, Winge, Baur, Ubisch). 

In these heterophytic plants where sex determination is 
relatively stable, hermaphrodites do occur, but there are suffi- 
cient genetic data to show that they are a direct result of 
either (2) genetic change in the sex chromosome, (4) modifica- 
tion of the gene complex of a male or female, or (¢) environ- 
mental influence. 

Hermaphrodites in Melandrium may be either of genetic 
origin or the result of one individual, genetically a female, be- 
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coming infected with Ustclago violacea and developing anthers. 
As a rule the anthers also become infected with the fungus, and 
therefore cannot be used for breeding. Eriophyid mites cause 
sex reversal in species of Sadzx (Harrison). 

In the case of the genetic hermaphrodites, Bélaf and Heitz 
have shown one series to have the XY complex of chromosomes, 
and the Hertwigs have given genetic results which agree with 
the view that they are males with a modification of the gene 
complex on the X chromosome. Akerland has found herma- 
phrodites of the same species with the female complex XX 
chromosome in both anthers and ovaries. 

Attempts to reverse the sex of Melandrium plants have been 
made without success. I have grafted males and females to- 
gether, ovariotomised with hot needles, injected pulped anthers 
and have used cultural methods. The sex types of Aucuba 
japonica (Sansome) and of Mercurialis annua (Yampolsky) also 
are not changed by intergrafting. 

Empetrum nigrum has the XY chromosome complement in 
the male and XX inthe female. Empetrum hermaphroditum is 
tetraploid and hermaphrodite with XXYY. The two XX and 
two YY disjoin at meiosis in such a way that all gametes get one 
X and one Y (Hagerup, 1929). 

Again, Ono and Shimotomai found a triploid Rumex acetosa 
with 18 chromosomes+ XX+YVY. The plant was intersexual. 
The diploid male plants of the same species have the constitu- 
tion 12+ X+2Y, and the diploid female 12+2X. A triploid 
female had the constitution 183+XXX+YY. These polybasic 
forms are amenable to interpretation along the lines suggested 
by Bridges for intersexes in Drosophila. 

The distribution of sub-dicecious species throughout the 
plant kingdom is also irregular. In these species one sex type 
is pure, while the alternative type is predominantly and 
functionally female or male with a greater or less development 
of male- or female-like organs respectively. Such species are 
Silene Remeri (Correns), Silene Otites (Newton), Valeriana 
dioica (Correns), Humulus japonica and lupulus, Fragaria 
elatior, Cirstum arvense (Correns), Urtica dioica, Mercurialis 
annua (Yampolsky). 

In these species, with the exception of Urtica dioica and 
Mercurialis annua where the female is sub-gyncecious, the 
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sub-andreecious male (that is, a male with non-functional 
ovaries) when crossed with a pure female gives approximately 
equal numbers of females and sub-andreecious males. It is 
interesting to note that the sex ratio in S. Remeri depends on 
both male and female plants. On examining Mr Newton’s 
results in Szlene Otites I found that females as well as males 
influence the sex ratio of the progeny, since different females 


TABLE I 


THE PROGENY OF CROSSES USING ONE MALE PARENT IN S/LEWE OTITES 
Constructed from Data of W. C. F. Newton 


Cross. Fam. eine Ca Males. | Females. mes a Total. 
f f. h, 

PxO 19 | P4/27 | 2/26 4 10 2 4 10 2 
(OxP)xO 10/27 | 2/25 | 2/26 17 16 oe ee 

6/28 | 1/26 e 14 13 2 31 29 2 
(PxO)xO 14/27 | 15/25 $3 33 18 fo) 

15/27 | 2/25] ,, 18 6 xa 

16/27 | 12225 5 22 17 

17/27 | 118/25}, | 40 39 

18/27 | 51/26 . 20 20 

19/27 | 52/26 3 30 22 

20/27 | 52/26 25 20 fe we 

21/27 | 55/26 5 30 25 wi 218 165 o 
UxO 2/27 05 a $fe) 3 ° 

27a/ 05 ”? 37 55 6 “Ee 

276] 05 » 40 49 ° 87 107 6 
(O xP) F2 g/27 | 22/25 | 24/25 | 40 16 re 40 16 0 
(P x O) x(O x P)} 28/27 | 15/26 | 21/25 43 18 fo) 43. 18 o 
Px(OxP) 24/27| 04 | 2t/25 | 38 65 ° 38 65 0 


P equals Szlene pseudotites, O equals S. Ozztes, U equals S. umbellata. 


when crossed with the same male gave different sex ratios 
(Table I). Also there are indications that females of a similar 
origin give similar sex ratios when crossed to one male, whereas 
females of dissimilar origin give dissimilar sex ratios. In truly 
dicecious species of plants, females may influence the sex ratio 
by bringing in lethal factors. In sub-dicecious species the female 
seems to have a more determinant control on the sex ratio. 
This is analogous to the conditions in some polycecious species, 
such as Plantago lanceolata (Correns), where similar females 
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when crossed with one hermaphrodite give similar sex ratios and 
different females give different sex ratios. Also it is similar to 
results obtained when two intersexual forms of such a species as 
Mercurialis annua are used in crossing. Here the grade of 
intersexuality of the progeny depends on the grade of inter- 
sexuality of both the parents. This leads one to examine the 
behaviour of hermaphrodites in sub-dicecious species. The be- 
haviour of hermaphrodites in Szlena Otites and S. Remeri is 
different in type from that of hermaphrodites in true dicecious 
species, either of plants or higher animals. The hermaphrodites 
of sub-dicecious species behave as genetic males when crossed 
with a female, that is, they produce males and females in equal 
proportions and only a small proportion of intersexes. When 
selfed or intercrossed, or crossed with a male, these herma- 
phrodites give no females according to Correns, or extremely 
few females according to Newton’s results. 

Further, if hermaphrodites of different grades of inter- 
sexuality—strong male-like and strong female-like—are inter- 
crossed, the progeny will have a range in grade between the 
grades of the parents, that is, a much greater range than the 
progeny of either parent selfed. It should be noticed that there 
is no difference in result in reciprocal crosses. These herma- 
phrodites, therefore, behave similarly to the normal plant of 
polycecious species such as Mercurialis annua, Plantago 
lanceolata, Cirsium oleraceum, C. palustre, C. acaule, Silene 
inflata and S. dichotoma, and differ from the usual behaviour 
of hermaphrodites in true dicecious species. Correns suggests 
that the male of Szlene Remeri or S. Otdtes is heterogametic, 
but that many more factors are present which, if they enter into 
the male, cause a greater or less degree of intersexuality. 

The arbitrary but useful division of species into dicecious, 
sub-dicecious, polycecious, moncecious and hermaphrodite 
species in plants corresponds with the fundamental gradation 
in stability of sexuality. The behaviour of sub-dicecious plants 
forms a bridge between that of true dicecious species and those 
forms where the diploid phase is not highly differentiated for 
sex, that is, hermaphrodite species. 

The genetic basis for sex determination in species which 
have more than two main sex types and which are considerably 
influenced by external environment is thus more clearly seen. 
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That sex determination is the result of the interaction of genetic 
and non-genetic factors, and that no difficulty is experienced in 
applying the hypothesis of differential factors to the diverse cases 
in plants, is well brought out by Sharp (1925), Correns (1929), 
Emerson (1924) and others. It may be worth while, however, to 
examine several cases where sex determination is influenced by 
external environment. 

Cannabis sativa (McPhee, Schaffner and Hirata) has a variety 
“ Togichi”” in which Hirata found heterochromosomes in the 
male. Sinoto (1930) also inclines to the view that in his prepara- 
tions of this species, heterochromosomes may be present. Under 
normal summer conditions there is little appearance of inter- 
sexual monstrosity, but under reduced illumination, inter- 
sexualism and sometimes complete sex reversal takes place. 
Attempts have been made (Schaffner) to indicate that physio- 
logical-ecological factors determine sex and that sex chromo- 
somes when present are but indicators of the sex condition. 
McPhee and Hirata rightly point out that, as with other charac- 
teristics, sexuality may have a genotype with various pheno- 
typical expressions. Light, nutrition and the balance of available 
reserve products to mineral salts are important environmental 
factors controlling sex expression of the genetic sex determiners 
in a number of plants [Maize (Riede), Avzsema (Maekawa, 
Schaffner), Morus (Schaffner), Humulus japonicus (Schaffner), 
Thalictrum dasycarpum, Myrica (Gale)]. 

Prantl (1881), after careful work on cultures of prothalli of 
Polypodium vulgare, Aspidium Filix-Mas, Ceratopteris thalic- 
troides and Osmunda regalis, came to the conclusion that the 
food supply determines the growth of the prothallus (the ha- 
ploid generation) and the separation of the sexual organs. Good 
conditions, especially a sufficient nitrogen supply, favour develop- 
ment of archegonia (¢ organs), while poor conditions may result 
in the formation of antheridia (¢ organs) only. Miss Wuist 
(1910), working with Oxoclea Struthiopteris, in which 99 per 
cent. of the prothallia are dicecious, found that a change of 
culture medium (soil to Beyerinck’s solution, distilled water to 
Knops) induced female prothalli to become moneecious. She 
attributed the change to difference in balance between the effect 
of mineral salts and light intensity stimulating female prothalli 
to produce male organs. 
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D. M. Mottier (1911) mentions that there was no report of male 
prothalli ever having been induced to become moncecious in the 
fern Onoclea. In many species of fern with moneecious prothalli 
the male organs develop first, and later, when there is a greater 
supply of nourishment, archegonia are formed. In the hetero- 
gametophytic Onoclea, however, female prothalli may form 
male organs but male prothalli never form female organs. 

The regenerative experiments carried out on mosses by the 
Marchals, Wettstein, Correns and Wilson show that in hetero- 
thallic mosses, the environment rarely changes the sex expression 
of a particular genotype. Wilson’s experiment with Mnzum 
hornum, where he found an intersexual axis with the haploid 
number of chromosomes, only indicates that the genetic deter- 
mination may on occasion be interfered with by external 
factors, but does not, as he suggests, vitiate the factorial theory 
of sex determination for that species. 

Nagai (1919) found two hermaphrodites along with twenty 
dicecious prothalli of Blechnum, Woodwardia and Adiantum. 
The antheridia and archegonia were localised according to the 
metabolic rate, the male organs occurring in the portions with 
less available food supply than that of the portion bearing the 
female organs. 

The rule holds that the female organs are situated in a 
position of higher metabolic rate than the male organs. A 
consideration of the secondary sexual characters (Goebel, 
IQIO), position of the gonads on the plant, and of the reactions 
of the plant to external factors suggests this general principle. 

Various workers still advance the view that environmental 
influences control the determination of sex in some plants. 
They hold that the determination of male or female organs 
depends upon the metabolic rate proceeding at the time of 
gonad formation. It is, however, much more reasonable to 
assume that genetic factors are the basis of the determination 
of sex and that environment controls, in various degrees, the 
expression of that determination. 

There is an increase in the stability of the expression of sex 
as we pass from the lower to the higher plants, and at the same 
time an increase in the potency of genetic determiners over that 
of environmental factors. Also there is a concentration of genetic 
factors towards the establishment of one fundamental or princi- 
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pal factor. Hermaphroditism in plants also exhibits the same 
trend. The hermaphrodites of moncecious species exist as 
definite sexual types. The hermaphrodites of polycecious species 
tend to propagate themselves while the hermaphrodites of 
dicecious species are unstable and, more definitely, transitory 
forms of maleness or femaleness. The hermaphrodites of sub- 
dicecious forms show intermediate characteristics. They tend 
to propagate themselves when selfed but behave as modified 
males when crossed with females. 

It must be emphasised that the botanist associates somewhat 
different ideas with the terms that are used by the animal 
worker. In the animal the diploid or sporophyte generation is 
all predominant and the gametophyte generation is practically 
non-existent. In plants gametogenesis does not always coincide 
with meiosis, therefore the haploid phase may be of some dura- 
tion. I have already given examples of sexuality in the haploid 
phase which are not paralleled in the higher animals. These 
examples are instructive in that, although gamete formation 
may be many haploid cell-descendants from meiosis, they indi- 
cate that segregation of sex factors has occurred at meiosis. 

The angiosperms as a group approach most closely in their 
life history to the higher animals. In these plants the diploid 
phase is predominant and gamete formation is only a few cell- 
generations from meiosis. Therefore these plants are the only 
groups having similar conditions of sex expression to the con- 
ditions prevailing among the higher animals. Monstrosities are 
infrequent but sometimes the female organs become more or less 
male-like Salicacee (Harrison, Heribert-Nilsson), Avisema 
(Mekawa). 

Recent work has shown that the pollen grains of some 
dicecious species of Angiosperms are physiologically dimorphic 
in regard to sex. The sizes of pollen grains of E/odea (Santos), 
Cannabis sativa (Sinoto, 1930) and Rumex acetosa (Sinoto, 
1930) form bimodal curves. This is probably an expression of 
the difference in chromosome complements of the female and 
male determining pollen grains. 

Pollination with much pollen in Rumex acetosa and Melan- 
drium increases the proportion of females in the progeny. The 
growth rate of female-determining pollen is greater than that of 
male determining, and this results in there being an excess of 
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females in the stylar half of an ovary and a larger proportion 
of males in the other half (Correns). The male-determining 
pollen tube of Melandrium is longer lived and has greater re- 
sistance to alcohol fumes than the female-determining. It is 
interesting to note that the degree of difference in growth rate 
and vitality of the alternative sex-determining pollen grains 
depends on the race of Melandrium used (Correns). 

In conclusion, a number of facts indicate that sometimes the 
interaction between the cytoplasm and the nuclear factors pro- 
duces sub-gyneecious plants in hermaphroditic species [Lzxum 
usitatissimum (Gairdner, Chittenden and Pellew), Satureza 
hortensis (Correns), Cirsium oleracium and C.canum (Correns)]. 
There is also a connection between sex and morphological and 
physiological sterility. This cursory summary indicates certain 
distinct trends in plants with regard to sexuality. Together with 
the gradual encroachment of sex differentiation into the diploid 
phase there is an increase in potency of the genetic factors over 
the environmental and extra-nuclear factors, and also there is 
a condensation of the genetic factors. 
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SECTION G 
GENETICS AND CYTOLOGY 


Dr C. D. Darlington (Merton, London): Chiasma Forma- 
tion and Chromosome Pairing in Fritillaria. 


Species and varieties of Fritillaria vary in regard to both the 
frequency and distribution of the chiasmata formed by the 
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pairing chromosomes at the prophase of meiosis, but each 
type has a constant average behaviour. Four species, F’. pon- 
tica, F’. citrina, F. ruthenica and F. Meleagris, have a concentra- 
tion of the chiasmata near the attachment constriction, 
whether this is median or sub-terminal. But in F. imperialis 
chiasmata are formed at random along the whole length of 
the chromosome with a mean frequency constant for each 
clonal variety (taking the complement as a whole). Varieties 
differ in their frequency, some having as low a mean as three, 
others as high a mean as five. Fragment chromosomes one- 
ninth the length of the ordinary chromosomes occur in these 
varieties. These fragments fail to pair (either with one another 
or with whole chromosomes) in a proportion of cases, and the 
frequency of their pairing is lower in varieties with lower 
chiasma formation. 


Comparison of Mean Frequencies of Chiasmata 
and Fragment Pairing 


“Crown 
upon 
Crown” 
2 homo- 
logous 
“No. 10” I non- 
3 homo- |*Yellow”| homo- | “No. 13” 
logous 6 frag- logous 12 frag- 
fragments| ments |fragments| ments 
Mean for pair of bivalents 4°96 2:58 4°33 2-98 
Maximum expected mean 0°55 0°29 0°46 0°37 
for pairs of fragments 
Maximum expected mean 0°37 0:29 O31 0°37 


frequency allowing for 3 
fragments having the 
same chance as 2 

Mean calculated from pair- 0°35 022 0°23 less than 
ing of fragments 0°37 


These two results show that the association of the fragments, 
although usually terminal, is none the less essentially a chiasma. 
Or it may be said that, in substance, they could be predicted 
on the hypothesis that the pairing of chromosomes at meta- 
phase is conditioned by the formation of chiasmata amongst 
the associated chromosomes at prophase. 
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This means, apparently, that the pairing of chromosomes 
does not follow from their identity, that is, from any present 
attraction between them. Rather it can be seen that, con- 
trary to the usual belief, the only attraction that operates is 
that between pairs of half-chromosomes. And this attraction 
is the same as that which is characteristic of mitosis. That 
pairs of whole chromosomes associate depends on exchanges 
of partner, chiasmata, amongst the half-chromosomes. 

An earlier stage than metaphase must be sought therefore, 
the stage at which the behaviour of the chromosomes de- 
termines the formation of chiasmata, for the essential distinc- 
tion between meiosis and normal mitosis. This distinction is 
found in the fact that the chromosome threads are single at 
the early prophase of meiosis, double at the corresponding 
stage of condensation in mitosis. 

Can it be, it may be asked, that the chromosomes in pairing 
at zygotene rectify this discrepancy between meiotic and 
normal conditions and that their later splitting leads to the 
falling apart of pairs of half-chromosomes at diplotene? If 
this is the case, the difference between meiosis and mitosis is 
able to be described in simple terms, viz. that the prophase 
condensation or contraction takes place in meiosis before the 
chromosomes have divided, and not after, as in mitosis. It is 
then intelligible that the chromosomes should condense further 
at meiosis than at mitosis, and that cases of the failure of 
chromosome pairing and suppression of meiosis may be 
ascribed to specific conditions with correlated effects. Whether 
or not the meeting of these loops at chiasmata is conditioned 
by ‘‘genetic crossing-over”’ is an independent problem. 
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GENETICS AND CYTOLOGY 


Dr C. D. Darlington (Merton, London): Chiasma Forma- 
tion and Chromosome Pairing in Fritillaria. 


Species and varieties of Fritillaria vary in regard to both the 
frequency and distribution of the chiasmata formed by the 
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pairing chromosomes at the prophase of meiosis, but each 
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GENETICAL AND CYTOLOGICAL STUDIES ON THE 
RELATIONS BETWEEN ASIATIC AND EUROPEAN 
VARIETIES OF PISUM SATIVUM. 


I. PARTIAL STERILITY IN HYBRIDS OF A THIBETAN AND 
A EUROPEAN VARIETY. 


By CAROLINE PELLEW. 


Il. CHROMOSOME ASSOCIATION IN PISUM. 


By EVA RICHARDSON SANSOME. 
(The John Innes Horticultural Institution, Merton.) 


(With Twelve Text-figures.) 
PART I. 


INTRODUCTION. 


ABoutT the year 1922 a variety of Peswm sativum cultivated in Thibet was 
introduced into this country, probably by members of the Mt Everest 
Expedition. It differs in a very striking degree from our own cultivated 
peas, possessing as it does some of the chief characters by which Asiatic 
forms differ from those of Europe. Little is known of the genetical relations 
between such forms, and these experiments were begun in the hope that 
the Thibetan variety would prove to be favourable for a more extensive 
investigation than had hitherto been attempted. The preliminary results 
have been encouraging, for with one exception the fertility of the hybrids 
is complete, or almost complete. The exceptional case arises when a par- 
ticular “line” of the Thibetan pea is crossed with our own varieties; the 
hybrids are then partially sterile. The partial (gametic) sterility of these 
hybrids has been found by Mrs Sansome to be associated with the formation 
of a ring of four chromosomes in the reduction division (H. Richardson, 
1929). In this paper certain genetical phenomena, connected with the 
ring, will be described. Although the experiments as a whole are in- 
complete, it seems desirable to publish this preliminary account, in view 
of the slight information we possess of the genetical effects of ring 
formation in diploid plants. 

Our original stock of the Thibetan pea came from Prof. Engledow 
who, in 1925, sent some packets of seed to Mr Bateson with the following 
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note: “They comprise the products of individual plants in two groups, 
Thibet 7 and Thibet 10. The progenitor of each group was a single plant 
in 1924. Violent colour fluctuations occur from plant to plant. The form 
is very dwarf and early.”’ Innoting the colour fluctuations Prof. Engledow 
referred apparently to the distribution of purple pigment in the testa, 
for the seeds were either self-coloured (two plants of Th. 7) or spotted 
and irregularly flaked (three plants of Th. 10). The amount of seed 
produced by each plant was small, and as the spotted seeds of coloured 
varieties of Pisum not infrequently “fluctuate” to heavy flaking or 
self-colour, it was assumed to be a coincidence that all the seeds of Th. 7 
were self-coloured. Later, however, the difference was discovered to be 
the consequence of the action of a dominant factor, borne by Th. 7 but 
not by Th. 10. It has since been found that the two “lines” also differ 
in chromosome structure, for Th. 7 is capable, on crossing, of giving rise 
to the chromosome ring already recorded, whereas from the same crosses 
with Th. 10 no ring is formed, and no sterility has been observed. 

On making inquiries as to the original source of the Thibetan peas, 
I was informed that Prof. Engledow had obtained them from Prof. John 
Percival, who tells me that they were probably collected by members of 
the Mt Everest Expedition of 1922. The seed he received consisted of a 
mixture of forms, from which he selected three for further study, and 
of these he has kindly sent me seed during the past season. One of the 
three has a self-coloured testa, as I was glad to find, for I had lost the 
pure stock of Th. 7 in 1926; but whereas Th. 7 had a dark hilum, Prof. 
Percival’s form has a light hilum. Thus a third varietal difference has 
been found in the Thibet material. 


DESCRIPTION OF TYPES. 


The families (two) of Th. 7 were sown, Nos. 615 and 616; those of 
Th. 10 (three) Nos. 617, 618 and 681, in 1926. The plants raised from all 
the seed were fairly uniform, short (about 3 feet), owing to their limited 
period of growth, but not true dwarfs, for the internodes were long (about 
10 cm.). The stems were wiry, often branched; the flowers small, coloured 
purple but of a pinker shade than is common. In time of flowering the 
variety is not exceptionally early, the first flower being formed at about 
the same time and place (about the 12th node), as in our cultivated 
“2nd early” varieties; but soon after flowering begins they turn yellow 
and ripen off. In consequence of the short growing period the amount of 
seed produced is small, and only in favourable seasons are more than 
five or six pods obtained, each containing about eight small seeds. The 
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foliage is broad and flat, the leaves truncated at the tips but in the later 
stages of growth more pointed, the stipules flat and rounded at the tips. 
Both leaves and stipules are slightly marbled, the pale areas being 
caused by air spaces below the epidermis (Fig. 1). The variety possesses 
the following Mendelian factors, already studied by geneticists: round, 
yellow cotyledons, black hilum, light axil, stumpy pod, brown-marbled 
testa (known as “maple” pattern), and, in Th. 7, the factor for self- 
coloured testa. In addition to the above there are certainly a number 
of less well-known factors which, by crossing with the appropriate 
varieties, could be identified and analysed. 

It is probable that the most significant difference between the Thibet 
pea and our own varieties is the small size of the whole plant. From the 
observations of Vavilov (1926) it appears that all Asiatic peas are small 
compared to Kuropean varieties. Among our own varieties we find great 
differences in size, but we have scarcely any information on the genetical 
factors involved in these differences. Mendel’s factors for “‘tallness” and 
“dwarfness” influence the length of the internodes, but there appear to 
be corresponding varieties of different “size” among the talls and the 
dwarfs, and we do not know of any correlated effect produced by these 
factors. My own observations point to there being many factors having 
an influence on the size of different parts of the plant, but their effects 
are probably controlled by certain developmental factors, for instance 
time of flowering and length of growing period. Hence actual measure- 
ments of any particular organ appear to be of little value until the 
correlated effects of such developmental factors are better understood. 

The foliage of the Thibet pea is especially interesting, being inter- 
mediate between the broad, truncate foliage of the “type” form of our 
most widely cultivated varieties, and the narrow pointed foliage of the 
“rabbit-ear rogues” occasionally thrown by such types (Bateson and 
Pellew, 1915, 1920). It corresponds on a small scale to that of the 
Mummy pea, a kind of foliage which has been shown to have approxi- 
mately normal relations to that of both types and rogues (Brotherton, 
1923). For this reason it was decided to cross the Thibetan pea with the 
type and also with the rogue of one of our most widely cultivated 
varieties, Duke of Albany, and to study the various factors introduced 
by the Thibetan pea in relation to the different kinds of foliage. The 
observations bearing on this part of the experiment are not complete, 
but it may be stated that there is a possibility of a relation, the nature 
of which is still obscure, between the different kinds of foliage and the 
factors associated with the chromosome ring. 
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Fig. 1. The Thibetan variety. 
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Duke of Albany x Thabetan pea. 


A few of the most important differences between the parents are 
shown in the following list; the only one to be considered here in detail 
is that of round and wrinkled cotyledons. A linkage between this pair 
and the pair for stumpy and pointed pods, found by Kappert (1925), 
is also found in these hybrids. The other factors in the list have been 
shown by various workers to be independent of one another, but, in 


these hybrids, their independence has not yet been determined. 


Duke of Albany (D.A.) 


Tall, 5-6 feet 
Long growing period 
Foliage: 
Type: broad, truncate, marbled 
Rogue: narrow pointed, slightly marbled 
Flowers white, no anthocyanin pigment 
formed (a). (Bears factor for spotted 
testa, se) 
Cotyledons green (y) 
Cotyledons wrinkled (r) 
Pods pointed (bt) 


Thibetan variety (Th.) 


Short, 2-3 feet 

Short growing period 

Intermediate between D.A. type and rogue. 
Smail 


Flowers coloured, testa coloured ete. (A) 
Th. 7. Testa self-coloured, Se 
Th. 10. Testa spotted, se 

Cotyledons yellow (Y) 

Cotyledons round (R) 

Pods stumpy (Bt) 


The crosses we are concerned with were made in 1926, as follows: 


D.A. rogue x 6151 (Th. 7). F, no. 230/27. Five plants. 

D.A. type x 6151(Th. 7). #, no. 233/27. Two plants. 
3 x 617? (Th. 10). F, no. 231 and 232/27. Six plants. 
+3 x 6811 (Th. 10). F, no. 234/27. Four plants. 


The F, plants were large (4—5 feet), purple flowered, with “rogue” 
foliage in 230, “type” foliage in the rest. They all flowered at the same 
time as the parents, both of which have the first flower at about the 
12th node of the main stem. The seed ripened earlier than I expected, 
and consequently a great deal was taken by birds, a serious pest in this 
neighbourhood. I was able, however, to save the whole of one plant in 
230 (No. 1) and to observe that it was partially sterile, with many gaps 
in the pods due to the failure of ovules. A few seeds were also saved of 
a sister plant (2302) and of two plants in 233. No note of their fertility 
was made, but among their offspring were some partially sterile plants 
and it is probable that they also were partially sterile. Both in 230 and 233 
the testa was self-coloured. Of the rest of the crosses three separate 
plants were harvested complete, and small quantities of seed from four 
others. No sterility was noticed in these, and their offspring were uni- 
formly fertile, gametic failure either of ovules or pollen being exceedingly 
rare. The testa of all these plants was spotted or blotched with purple 
pigment. 
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TABLE I. 


Fea D.A. x Th. 6151/26 showing the distribution of fertile and semi-fertile plants 
among the three classes, homozygous and heterozygous rounds, and wrinkled. 


230 233 230 233 230 233 Total 
Fertile 11 5 Fertile 7 2 Fertile 10 6 41 
at {Storie 2 1 = {Storile 23 6 {Sterile 3 = 34 


In Table I, F, families from 230 and 233 are set out according to 
their gametic constitution for round wrinkled, and according to their 
fertility or partial sterility. The pollen of a number of F, plants was 
examined, and whereas in 230 and 233 plants with half the pollen grains 
empty had been found, in the rest of the families all the plants examined 
had good pollen. At harvest the plants with 50 per cent. shrivelled pollen 
were easily detected in the rows, for the ovules were also affected, and 
each aborted ovule causes a constriction in the pod. The aborted ovules 
also numbered approximately half the total number. It has since been 
learnt that a constriction in the pod is always the result of gametic 
failure, and is never brought about solely by zygotic failure (Fig. 2). 

In Table I a relation between the factors for round and wrinkled and 
fertility is shown, both in 230 (F, ex D.A. rogue x Th. 7) and in 233 
(Ff, ex D.A. type x Th. 7). The total numbers for the two groups are: 
RR, fertile 16, half-sterile 3; Rr, fertile 9, half-sterile 28; rr, fertile 16, 
half-sterile 3, giving 41 fertile : 34 half-sterile. The numbers point to 
there being about equal chances of fertiles occurring among Rr as of 
half-steriles among RR and rr, so that half the total number of plants 
are fertiles, and half, half-steriles. This indication is confirmed by the 
F, families raised from the F, half-steriles (Table II). 


TABLE II. 


Eight F, families from half-sterile F, plants; the first seven from 230/28, 
the last from 233/28. 


RR Rr rr Germina- 
C *~ ~ Cc WY A ans =x: tion 
1929 Fertile Sterile Fertile Sterile Fertile Sterile % 
256 23 2 7 44 15 2 90 
279 5 —_ —_ 7 1 1 90 
292 ll 1 5 32 ll 1 98 
298 4 — — 5 2 1 93 
303 2 2 1 5 1 _ 92 
307 15 1 1 23 13 1 93 
317 12 5 4 42 16 1 88 
325 3 2 —_ 16 3 —_— 65 
Total 15 13 18 174 62 7 
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Fig. 2. Constricted pods of a semi-sterile plant in F, ex D.A. type x 6151/26. 
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Nineteen F, families from the crosses 230 and 233 were raised in 
1929, eight from half-steriles and eleven from fertiles. In this season the 
condition of the plants was exceptionally good, in spite of a prolonged 
drought. Germination on the whole was excellent, and a complete record 
of almost every plant was made. All the plants derived from fertile 
parents were fertile, without exception. The families raised from half- 
sterile plants (Table II) are of the same constitution in respect to Rr 
and the incidence of sterility as in the F,, and in view of the complications 
involved, the agreement between the different families is remarkable. 
It was in this season that a cytological inquiry for the cause of the 
sterility was begun by Miss Richardson (Mrs Sansome), and ring formation 
was discovered. Mrs Sansome’s investigation was first restricted to the 
family 256/29, and in this family extensive counts of seeds and of aborted 
ovules were made by her, assisted by Miss Bolt, in order to find the exact 
degree of gametic sterility. The counts are summarised in Table ITI. 


TABLE III. 


Number of aborted ovules, in percentages, of forty-three half-sterile plants in Fs 
family 256/29. Average number of ovules per plant (rudiments and fertile) 147; 
the smallest number included, 37; the largest, 266; six plants below 100 ovules. 


Ovules failed (%) 44 45 46 47 48 49 50 51 52 53 
1 


Number of plants 1 2 _ 1 1 3 5 2 6 
Ovules failed (%) 54 55 56 57 58 59 60 61 62 
Number of plants 3 2 5 3 4 2 1 _— 1 


Of the forty-three plants examined, thirty-four have over 50 per cent. of 
the ovules aborted, and sixteen have over 55 per cent. (up to 62 per 
cent.). The deviation from 50 per cent. may well have a significance in 
relation to the chromosome ring, but it must be noted that even the most 
fertile plants may fail to set seed in the later stages of growth, and that 
some at least of such failures would be classed with the aborted ovules. 
A number of small counts have also been made in other families, from 
the low pods of half-sterile plants, and they show that any departure 
from 50 per cent. gametic sterility is rare. Comparatively few pollen 
counts have been made; they are, however, in general agreement with 
the ovule counts. The few exceptional plants were found too late in the 
season to allow of cytological examination. 

A general explanation of the genetical facts I have described, and 
also of the cytological observations (see Mrs Sansome’s report) is given 
by the theory of segmental interchange between non-homologous 
chromosomes. It appears probable, however, that some modifications of 
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the theory may be required to cover the whole field (see Mrs Sansome’s 
report, p. 46). 

In applying this theory to the connection between the factors for 
round wrinkled and semi-sterility in the Thibetan hybrids, we may 
represent Th. 7 as AB(R).AB(R), CD.CD, and Duke of Albany as 
AD (r). AD (r), BC. BC. The half-steriles in F, will be Rr; in Fy, etc., 
they will also be Rr, except when crossing-over has occurred, the r 
factor being transferred to AB, or the R factor to AD. Thus a critical 
test of the theory may be carried out by intercrossing the various ex- 
ceptional classes. Such crosses have been made and the hybrids will be 
grown in the coming season. In a very similar case in maize (Burnham, 
1930) the critical tests have been made, and the results are in agree- 
ment with the theoretical expectation. Moreover, in this chromosome 
ring in maize (‘‘semi-sterile 1”) the morphology of the segmental inter- 
change has been demonstrated very clearly by McClintock (1930). 
McClintock was able to observe in spores with the normal number of 
chromosomes, the presence of two homologous chromosomes belonging 
to the set concerned with ring formation, and the absence of a member 
of the second pair. To explain the 50 per cent. sterility, she assumes that 
“in half of the sporocytes any two adjacent chromosomes in the ring go 
to the same pole, forming sterile combinations, and in the other half of 
the sporocytes the adjacent members go to opposite poles, forming fertile 
combinations.” 

In Pisum, two other examples of ring formation associated with semi- 
sterility are known, both discovered by Hammarlund and Hakansson. 
In the case first discovered, Hammarlund (1923) found that the two pairs 
of factors for colour-white and green-yellow pods were strongly linked, 
although they are usually independent, and that the heterozygotes were 
in general half-sterile. In the half-steriles Hakansson found ring forma- 
tion (1931). Hakansson is inclined to think that the two factors in 
question are, in the semi-sterile plants, in different chromosomes, and 
that the appearance of linkage is brought about by the fertility of 
parental chromosome combinations and the sterility of recombinations. 
He considers however that on the genetical evidence the two factors 
may equally well be in one chromosome with one of the factors in a 
translocated segment. Such an arrangement in the ring may be repre- 
sented thus (AB, CD are used as above, (A a) and (Gp gp) represent the 
two pairs of factors): 


A (a) B- B (A) (Cp) C C (gp) D D_A 


Journ. of Genetics xxv 3 
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Crossing-over between B and B (A-a) and between C and C (Cp-gp) 
would occur, and if crossing-over in the two regions is independent, the 
result would be the same as if the factors A and Cp were in different 
chromosomes. It is, however, conceivable that in the chromosome 


Ba) _(p) @ 


the frequency of simultaneous crossing-over might be reduced. The effect 
of such “interference” might be seen in the families raised from self- 
fertilised seed, but if the effect is slight it could perhaps only be detected 
by back-crossing with the original double-recessive variety; the smallest 
classes would then be, among the fertile plants, A Cp, and among the 
half-sterile plants, a gp. 

Although in Hammarlund’s experiments the regularity of the 
“coupling” ratios is remarkable, a point open to criticism is the irre- 
gularity of the ratios for the same two factors in the “control” crosses 
in which there is no sterility. In two groups of back-crosses the irre- 
gularity is in the same direction for the two pairs of factors, e.g. coloured, 
82: white 111, green pod 81: yellow pod 112 (Table IV, p. 214, 1929). 
It is unfortunate that in these back-crosses the heterozygote was always 
used as the male parent, and consequently divergences may be the result 
of differential pollen growth. It would be satisfactory to know the female 
gametic ratio, for although there is no sign of linkage, it is conceivable 
that some other relation may be found between the two factors. 

Of Hammarlund’s and Hakansson’s second case of ring formation, no 
genetical account has yet been published. 


Other factors, especially those for colour-white (Aa), yellow-green 
cotyledons (Yy) and stumpy pointed pods (Byh;), have been investigated 
both in the fertile and the partially sterile Thibetan hybrids. For all these 
factors the zygotic ratios in the F’, and F; self-fertilised progenies are ex- 
tremely irregular, and their inter-relations appear to be very complicated. 
Some of the difficulties met with are doubtless a consequence of differential 
pollen growth, for it has been observed that green seeds may occur more 
often at the distal than at the proximal end of the pod. At the proximal 
end on the other hand there is sometimes an excess of round seeds. 
Another factor of importance is differential viability; in the upper pods 
the end seeds often fail to set, and the proximal end suffers most loss. 
It is evident that in order to understand the variable ratios obtained 
by self-fertilisation, it is necessary to examine the properties of the 
ovules and pollen separately by back-crossing. From a few back-crosses 
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grown in the past season, it has been found that the gametic ratio in the 
ovules may be abnormal. For instance, from Aa x a, five plants as 
mothers gave 17A:50a, the missing A (coloured) plants not being 
accounted for by any loss in the pods, the number of ovules that failed 
to set seeds being only four. With the same pollen parents twelve 
related (comparable) plants as mothers gave 69A : 70a. This result could 
be explained by a reduplication of A in the gametes giving coloured 
plants. It is possible that cytological examination of this material will 
disclose some abnormal behaviour to account for a reduplicated factor, 
but whether chromosome association is found or not, it must be admitted 
that the result of non-disjunction is not always gametic sterility. Should 
chromosome association be found, the case would resemble that in 
Datura of a fertile chromosome ring, which Blakeslee (1929) is inclined 
to regard as brought about by regular disjunction. 


SUMMARY. 


Crosses between a Thibetan variety of Piswm sativum and the variety 
Duke of Albany gave fertile progeny except when a certain plant of the 
Thibetan variety was used. In the exceptional case, half the gametes 
fail to mature. The semi-sterility is associated with the formation of a 
ring of four chromosomes in the reduction divisions. 

The allelomorphs for round-wrinkled cotyledons (Rr) are connected 
with ring formation and semi-sterility in such a way that the Rr plants 
are usually semi-sterile, RR and rr plants being fertile. In each class 
there are approximately 1 in 8 exceptions. 

In certain fertile hybrids, the gametic ratio of 1A: 3a was found. 
The explanation suggested is, that the A factor is duplicated in the 
gametes giving coloured (A) plants. 


PART II. 


In the offspring of crosses made between a particular plant of the 
line, ‘‘ Thibet 7,” of a Thibetan variety of Pisum sativum, and the variety 
Duke of Albany, Miss Pellew observed the appearance of a regular 
gametic sterility, resulting in the failure of about half the male and 
female gametes. A cytological investigation of one of the semi-sterile 
plants showed the presence of five bivalents and an association of four 
chromosomes at metaphase of the first reduction division, instead of the 
seven bivalents usually found in Piswm (Richardson, 1929). Further 
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work has confirmed the occurrence of an association of four chromosomes 
in the semi-sterile plants, whereas fertile sister plants are found to have 
the usual seven bivalents. A more intensive study of the cytology of 
these ring-forming types has revealed the occurrence of other arrange- 
ments of the four chromosomes than those described in the earlier note, 
and it is felt that a more complete description of the cytology of these 
plants is desirable. 
METHODS. 


Whole flower buds were fixed by being placed for 30 seconds in 
Carnoy’s fixative and afterwards left for 18-24 hours in La Cour’s 
modifications of Flemming’s solution, 2B and 2 BE (La Cour, 1929). The 
fixative 2B gave the better results. Sections were cut at 12 to 184 and 
stained with Gentian Violet iodine. 


OBSERVATIONS. 


Somatic chromosomes. 


The somatic chromosomes of several strains of Pisum have been 
studied by Dr C. D. Darlington. Fig. 1 shows the somatic chromosomes 
of (a) a cultivated variety, (b) Th. 10, and (c) a fertile F’; plant from a cross 
between Duke of Albany and Th. 7. The morphology of the chromosome 
complement is different in the different forms. The type (a) has a pair 
of chromosomes with a trabant, whereas the other two forms have no 
trabants. Secondary constrictions are also present in at least two pairs of 
chromosomes in the type, but they cannot be distinguished in the other 
plates. 

Meiosis. 


It has not yet been possible to make an intensive study of prophase 
and diakinesis stages in Pisum; the observations have been confined to 
metaphase and later stages. The pollen mother cells of various plants of 
Pisum have been examined, including types and rogues, F, plants from 
crosses between types and rogues, F, plants from crosses between Th. 10 
and Early Giant, and F, and F, plants from crosses between Th. 7 and 
Duke of Albany. With the exception of semi-sterile 7, and F, plants 
from the crosses involving Th. 7, the plants examined have seven pairs 
of chromosomes at the first meiotic division. The semi-sterile plants have 
five pairs of chromosomes and an association of four, whereas fertile 
sister plants have seven pairs. The chromosome pairs have certain 
characteristic shapes, a fact which has been previously discussed by 
Hakansson (1931) in his study of chromosome association in crosses 
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between certain lines of Pisum. These configurations are caused by the 
chromosomes touching each other at various points throughout their 
length. At these points all four chromatids are brought into contact; 
between the points the chromatids are in pairs. 


Fig. 1. Somatic metaphases of Pisum sativum from root tips of (a) a cultivated variety, 
(6) Th. 10, (c) a fertile F; plant from Duke of Albany x Th. 7. The chromosomes are 
4 to 5y long. (a and c x 4875; b x 4800.) Drawn by Dr C. D. Darlington. 


An examination of the drawings will show how closely these points 
of contact resemble the chiasmata, which are to be clearly observed 
at diplotene in those species in which this stage can be obtained. 
‘“‘Chiasma” is used here to mean ‘‘the occurrence of a single exchange of 
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partner in a system of four chromatids associated in pairs” (Darlington, 
1930 6, p. 51). 

There are four ways of showing that the points of contact between 
the chromosomes in Pisum are chiasmata. 

(1) Insome cases, though only under the most favourable conditions, 
an exchange of partner amongst the chromatids can actually be observed 
(see Fig. 6 a, the first bivalent from the left). 
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Fig. 2. Side view of first metaphase in (a) 724?/30, a fertile plant from a semi-sterile parent; 
(b) 5321/30, Early Giant rogue; (c) 6151/30, an F, plant from Early Giant rogue x Th. 10. 
The number of chiasmata present is printed under each bivalent. x 4000. 


(2) The loops on either side of a point of contact are at right angles. 
This is the mechanical result to be expected from an exchange of partner 
and it has always been found to be associated with chiasmata. 

(3) If the points of contact between the chromosomes are regarded 
as chiasmata, interstitial, sub-terminal and terminal, according to their 
position, their number and distribution agrees very well with that of the 
known chiasmata described in T'ulipa (Newton and Darlington, 1929) and 
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Fritallaria imperialis (Darlington, 1930 a). In these species, the chiasmata 
are relatively stationary, persisting from diplotene until anaphase. 

In many species which have been studied the chromosomes are only 
attached by the ends at metaphase, by what Darlington describes as a 
terminal chiasma. Also in some species which have been studied at 
diplotene and at metaphase, a reduction in the number of chiasmata has 
been observed to take place between the two stages. Darlington (1929 b) 
puts forward the view that this reduction in number takes place by a 
movement of the chiasmata away from the attachment constriction 
towards the ends of the chromosomes, which movement he describes as 
the terminalisation of chiasmata. Terminalisation thus leads to the 
formation of terminal chiasmata. | 

Observations on Maithiola (Philp and Huskins, 1931) and on Rosa 
(Erlansson, 1931), which show a greater concentration of the chias- 
mata at the ends of the chromosomes at the later stages, leading to 
complete terminalisation, strongly support Darlington’s views. Since it 
has not been possible to study the early stages in Pisum, it is impossible 
to determine exactly the extent of reduction of the number of chiasmata 
in this particular instance. However, the percentage of terminal chias- 
mata gives an indication of the extent of terminalisation. 


TABLE I. 
Chiasma frequency in bivalents. 
Mean 
no. of 
1 chiasma 2 chiasmata 3 chiasmata 4chiasmata 5chiasmata Total chiasmata 
per per per per per no. of per 
Plant bivalent bivalent bivalent bivalent bivalent chiasmata bivalent 
5322 3 17 33 14 3 207 2-9 
6151 — 21 42 7 = 196 2:8 
6968 2 26 33 4 _ 169 26 
Total 5 64 108 25 3 572 2-8 


In the case of 696? only the five bivalents are included, 


TABLE II. 


Mean chiasma 
frequency Terminalisation 


Plant per bivalent coefficient 
5321 2-9 38 
6154 2:8 48 
6968 2-55 36 


In the case of 696% the whole chromosome complement is included. 


The chiasma frequency of a semi-sterile F, plant 6963/30 was estimated, 
and for comparison pollen mother cells from Karly Giant rogue 5321/30 
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and pollen mother cells from an F, plant of Early Giant rogue 6157/30 
crossed Th. 10 (see Part I) were similarly investigated. Ten pollen mother 
cells were studied in the latter two cases, and thirteen in the first. The 
results are given in Tables I and II and in Fig. 3. The graphs indicate 
a certain order in the number and distribution of the chiasmata—which 
may be better understood when such statistical methods have been 
applied to many species. While the mean chiasma frequencies of 6151/30 
and 532/30, 2-8 and 2-9 respectively, do not differ greatly, there is a 
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Fig. 3. Chiasmata in Pisum sativum. In the case of 696? only the five bivalents are included. 


considerable difference in the distribution of the chiasmata throughout 
the chromosome complement, as shown by Fig. 3. 

6963/30 has a mean chiasma frequency of 2-55 per bivalent, which is 
considerably less than that of the other two plants. It may be that one 
of the original parents, Th. 7 or Duke of Albany, had a lower chiasma 
frequency than Th. 10, or it may be that the association of four chromo- 
somes lowers the chiasma frequency of these chromosomes. Further 
work may throw light on this subject. The terminalisation coefficient was 
calculated by dividing the number of terminal chiasmata by the total 
number of chiasmata. 
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It is interesting to notice that 6151/30, which is a hybrid, has a 
terminalisation coefficient of 0-48 and the Karly Giant rogue has a ter- 
minalisation coefficient of 0-38. Thus in the hybrid 615! there is a slight 


Fig. 4. Two first division anaphases from 5321/30. x 4000. 


decrease in the mean chiasma frequency and an increase in the ter- 
minalisation coefficient, as compared with 5321. This result is similar to 
the behaviour in Triticum-Aegulops hybrid’ as compared with the parent 
forms, where the correlation between decreased chiasma frequency and 
increased terminalisation is more striking (Darlington, 1930 6). 
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(4) The anaphase figures show that the points of contact between 
the four chromatids are chiasmata. The two chromatids associated at the 
attachment constriction pass to the same pole. Where there has been 
a point of contact at metaphase, at anaphase the chromatids are widely 
separated distal to that point (distal with reference to the attachment 
constriction). This shows that the two chromatids associated on one side 
of the point of contact have not been associated at the other. There must 
therefore have been an exchange of partners at each point where the four 
chromatids were in contact at metaphase. There are different ways in 
which the exchange of partners may occur. Taking a bivalent, which has 
two chiasmata on one side of the attachment constriction, there are two 
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Fig. 5. Single anaphase figures from two semi-sterile plants 696'° and 7241. x 4000. 


possible modes of behaviour. The second chiasma may restore the 
relationship between the chromatids which existed between the first 
chiasma and the attachment constriction, or an entirely new association 
may be set up. The anaphase configurations show the various chromatid ~ 
relationships which exist between successive chiasmata. Figs. 5b, and 
10 6 fifth from the left, show the anaphase configurations which result 
from a metaphase bivalent in which the second chiasma restored the 
relationship between the chromatids that existed before the first. 
Fig. 4 6, the first from left, shows the asymmetrical figures obtained from 
a bivalent in which the second chiasma does not restore the relationship 
existing before the first chiasma. 

Fig. 5¢ is probably derived from a metaphase bivalent with one 
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interstitial chiasma on each side of the attachment constriction, and one 
subterminal and one terminal chiasma (Fig. 2 6, second bivalent from 
the left). 

Similar anaphase configurations have been described in Stenobothrus 
parallelus (Janssens, 1924) and in Fritillaria meleagris (Darlington, 19294), 
while Meurman (1929) shows chromatids separating from multiple 
chiasmata in Aucuba. There is every reason to suppose that wherever 
interstitial chiasmata exist at metaphase, the chromatids will pull apart 
in the ways described. 

Janssens gives diagrams to show the probable arrangements of the 
chromatids at metaphase to give the anaphase configurations observed 
(Janssens, 1924, Planche schématique IV). In these diagrams he evidently 
assumes that identical chromatids, that is, chromatids from the same 
somatic chromosome, are associated, and that where a chiasma or change 
of partners occurs, there has been a break leading to genetical “ crossing- 
over.”’ Most of the diagrams referred to illustrate “partial chiasmatypy,” 
in which only two chromatids have been interchanged at one particular 
point, but Janssens also assumed “total chiasmatypy” in which crossing- 
over occurs between all four chromatids at once. 

Since Janssens’ chiasmatype affords a. plausible interpretation of 
the cytological features observed in this particular instance, and since 
it is so important in accounting for genetical crossing-over, it seems 
advisable to give a brief account of the theory as modified by Belling 
and Darlington. 

These authors reject total chiasmatypy as being very rare, if it occurs 
at all. Both assume that breakage occurs at the four-strand stage, and 
that chiasmata are formed as a result of such breaks—the chiasma being 
the point of breakage, the loops between the chiasmata being formed by 
the tendency of identical chromatids to fall apart in pairs. Belling calls 
such an interchange between chromatid parts ‘‘segmental interchange,” 
whereas Darlington calls it “crossing over.”’ Configurations in triploids and 
tetraploids have been described, and Darlington (1930 b) shows that they 
afford strong cytological evidence of “crossing-over” between the stages 
of zygotene and diplotene. Belling (1928) finds difficulty in accounting 
for the disappearance of chiasmata between diplotene and late diakinesis, 
a phenomenon which is of widespread occurrence. Darlington explains 
such a disappearance on the basis of terminalisation, by which chiasmata 
move away from the attachment constriction towards the ends of the 
chromosomes where they merge (Darlington, 1929 0). 

In those cases where terminalisation is complete it is presumed that 
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some non-identical parts of chromatids are associated at metaphase. 
Where terminalisation does not occur, identical chromatids are associated 
with the formation of chiasmata at those points where crossing-over has 
previously taken place. 

Examining Janssens’ diagrams with a knowledge of terminalisation, 
it is seen that they are strictly accurate only if there has been no ter- 
minalisation. If any movement of chiasmata away from the attachment 
constriction has occurred, the points of interchange are not at the chiasma 
as Janssens has represented them, but at some point between the chiasma 
and the attachment constriction. Piswm has a terminalisation coefficient 
of -36—-48, so that there is probably a slight movement of the chiasmata 
between diplotene and metaphase. Apart from this, however, Janssens’ 
diagrams afford a very satisfactory illustration of the chromatid arrange- 
ment in Pisum. They show clearly that where crossing-over has taken 
place the first division is equational for some parts of the chromosome, 
and reductional for others. It is always reductional for parts at the 
attachment constriction. 

Another theory of crossing-over put forward tentatively by Darlington 
(1929, p. 52), and later abandoned by him, has lately been presented in 
some detail by Sax (1930). In Sax’s words “The present theory of 
crossing-over is based on the fact that at diplotene there is an exchange 
of partners between paired chromatids at the chiasmas and that between 
diplotene and late diakinesis there is a reduction in the number of 
chiasmas. When extensive movement of the chiasmas is prevented by 
the close association or coiling of the paired chromatids, any reduction 
in the number of chiasmas must be due to breaks in the chromatids at 
the chiasmas so that segmental interchange occurs between two chro- 
matids. This segmental interchange between two homologous chro- 
matids is the cytological mechanism responsible for genetic crossing- 
over” (Sax, 1930, p. 207). This hypothesis cannot be directly tested in 
the Pisum case, since it has not been possible to study diplotene stages. 
However, the metaphase stage of Piswm resembles that of other species 
in which the earlier stages have been examined, and the chiasmata 
have been found to be relatively stationary, e.g. Fritillaria imperialis 
(Darlington, 1930 a), Stenobothrus (Janssens, 1924). Hence the reduction in 
number of the chiasmata between diplotene and metaphase is negligible, 
and not therefore sufficient to account for the “crossing-over” observed 
in this species. 

Moreover, where the stages between diplotene and metaphase have 
been intensively studied, a movement of chiasmata towards the ends of 
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Fig. 6. Side view of first metaphase in semi-sterile plants. The association of four chro- 
mosomes is orientated so that adjacent chromosomes are directed towards the same 
pole. x 4000. 
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the chromosomes has been indicated, and not a breakage at the chiasmata 
(Matthiola, Philp and Huskins, 1931). 


The association of four chromosomes. 


Pollen mother cells of semi-sterile plants usually have five bivalents 
and a ring of four chromosomes at metaphase. The ring is caused by 
each chromosome pairing at one end with one chromosome and at the 
other with another. Exceptions sometimes occur, presumably due to the 
failure of chiasmata between some of the segments concerned in the ring. 
Four chiasmata, one for each pair of segments, are necessary for the 
formation of a closed ring. If chiasmata are present between only three 
pairs of segments a chain of four chromosomes is formed. This occurs 
less frequently than the ring. Chiasma formation between two pairs of 
segments will give rise to a chain of three chromosomes and a univalent, 


Fig. 7. Metaphase plate from a semi-sterile plant 6967/30. The chromosomes which usually 
form a ring are represented by two univalents of unequal size. x 5000. 


a condition which has not been actually observed, or to two “pairs” of 
chromosomes, which have been seen in a few instances. When chiasmata 
are formed between one pair of segments only, six pairs of chromosomes 
and two univalents result. Such a condition has been observed in one 
case illustrated in Fig. 7. It will be noticed that one chromosome pair in 
this figure has two of its ends free, and the univalents are of unequal size. 
There is little doubt that these are the four chromosomes which usually 
form the ring. 

The appearance of the ring is determined partly by its orientation, 
and partly by the number and distribution of chiasmata. The number 
of chiasmata usually varies from four to six, but in one exceptional case 
(Fig. 9) as many as ten chiasmata were present. Chromosomes are very 
often connected by a single subterminal chiasma, but single terminal 
chiasma sometimes occur. In most rings and chains one pair of segments 
is united by two chiasmata, one interstitial the other terminal. Fig. 6a 
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shows a chain in which one pair of segments has three chiasmata. An in- 
terstitial, and a terminal chiasma together give the appearance described 
by Hakansson as a “‘Querarm.” It is possible that this “Querarm” is a 
relatively constant feature of two particular chromosomes, as Hakansson 


Fig. 8. Three metaphase divisions from semi-sterile plants. The association of four is 
orientated so that adjacent chromosomes are directed towards opposite poles. x 4000. 


believes to be the case in the ring he describes. Sometimes the other two 
chromosomes in the ring have two chiasmata and form a second 
“Querarm.” Fig. 66 shows such a case, in which both chiasmata are 
interstitial. It is, however, more usual to find one of them terminal. 
Hakansson (1931) considers that the presence of a chiasma’ in a 
constant position at metaphase indicates that crossing-over is limited to 
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such a region. However, on the hypothesis of terminalisation, crossing- 
over may have taken place at any point between the attachment con- 
striction and the metaphase chiasma, since the tendency is for chiasmata 
to move away from the attachment constriction. The regular stoppage 
of the chiasma at a particular point may be due to a block at that point. 
Meurman (1929) found that such a stoppage was caused in Aucuba 
japonica by the presence of secondary constrictions, and Darlington 
(Tradescantia, 1929 6) put forward the suggestion that the presence of 
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Fig. 9. Configuration caused by the interlocking of two pairs of segments of the ring. 
From the semi-sterile plant 2561/29. The letters in the diagram represent the four 
pairs of homologous segments. x 7500. 

small non-homologous segments of chromosome might offer a check to 

terminalisation. This he has now rendered very probable by observations 

on Oenothera (1931). 

It is hoped that a study of the somatic chromosomes of fertile and 
“ring-forming” plants from a semi-sterile parent will show whether 
secondary constrictions are present in the chromosomes concerned with 
ring formation, or not. 

Fig. 9 shows a special configuration caused by the accidental inter- 
locking of the ends of two pairs of segments at an earlier stage. The 
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number of chiasmata, ten, is very high, being four more than that 
observed in any other association. This may be a coincidence—or it may 
be that the interlocking affects the number of chiasmata, either by 
increasing the number of breaks at an early stage or more probably by 
hindering terminalisation. 

In some cases (see Fig. 6) the association of chromosomes is orientated 
so that adjacent chromosomes are directed towards the same pole. Such 
an arrangement gives non-disjunction, only one segment in each chromo- 


Fig. 10. Two early anaphases from a semi-sterile plant 6967/30. In (a) two adjacent 
chromosomes from the ring are passing to each pole. In (b) three chromosomes from 
the ring are passing to one pole and one to the other. x 4000. 


some disjoining from its homologue. Fig. 8 shows associations in which 
the chromosomes are arranged in a zigzag, opposite chromosomes going 
to the same pole. In these cases, each chromosome segment goes to the 
opposite pole from its homologue, giving disjunction. Fig. 10 a4 shows 
an early anaphase in which adjacent chromosomes from the ring can be 
seen going to the same pole. 

Occasionally three chromosomes are directed towards one pole, and 
anaphase figures have been observed in which eight chromosomes are 
seen going to one pole and six to the other (see Fig. 106). If such 
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segregations also occur on the female side we may expect to find trisomics 
occurring occasionally in the progeny of semi-sterile plants. Hakansson 
found similar cases in which three chromosomes of the ring go to one pole 
and one to the other, and suggested the possible occurrence of trisomics: 


Discussion. 


The presence of a ring, on the principle that only homologous parts 
of chromosomes pair, indicates that each of the four chromosomes is 
homologous at one end with part of one chromosome and at the other 
with part of another. Instead of two pairs of homologous chromosomes 
we have to consider four pairs of homologous segments, and, giving 
letters to the segments, the four chromosomes can be represented as 
AB, BC, CD, DA respectively. There is no evidence that any segment 
is reduplicated, since pairing is always between the same two parts. The 
appearance of such a ring in a hybrid between two non-ring-forming 
lines indicates that in one line the segments concerned in the ring were 
arranged 4B.CD AB.CD, whereas the other lines had them arranged 
AD.BC AD. BC in the diploid condition. On crossing, the ring 


AB CD 
BC DA 


is constituted. Such a different arrangement of segments in the two lines 
could have been caused by segmental interchange between non-homo- 
logous chromosomes in one of them. 

When adjacent chromosomes go to the same pole, gametes of the type 
AB.BC and CD.DA or BC.CD and DA.AB are formed. In every case 
there is a reduplication of one segment and absence of another, and the 
assumption is made that such gametes are non-viable. When opposite 
chromosomes go to the same pole only two types of gametes, AB.CD 
and BC.DA are formed, and as these have each segment present in their 
nucleus, they are viable. The semi-sterility associated with ring formation 
is therefore due to non-disjunction in the ring. The proportion of dis- 
junction to non-disjunction observed agrees with the proportion of 
viable to non-viable gametes, being approximately 1:1. Hakansson has 
made counts in which the number of zigzag arrangements is 268 and of 
the other arrangements 271. 

The hypothesis of segmental interchange was put forward by Belling, 
to explain certain cytological configurations in trisomic Daturas, and 
also to explain the occurrence of semi-sterility in Stizolobiwm (Belling, 
1925). Semi-sterility has been found to be associated with ring formation 
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in Zea Mays, where three different lines have been isolated which on 
crossing with the normal give about 50 per cent. gametic sterility. 
Genetical and cytological work indicates that different chromosomes are 
involved in the ring in the cases of semi-sterile 1 and semi-sterile 2, so 
that they give 2 rings of 4 when crossed, whereas semi-sterile 1 and 
semi-sterile 3 have 2 pairs of segments in common in the ring (so that 
when they are crossed a ring of 6 occurs). It is interesting to notice that 
in the cross between semi-steriles 3 and 1 with a ring of 6, the sterility 
was less than 75 per cent. This may indicate that the possibility of any 
two segments disjoining is increased when the number of chromosomes 
in the ring is increased. 

McClintock (1930) has been able to identify the chromosomes involved 
in the ring in the case of semi-sterile 2, and she has also shown pachytene 
stages of the ring, which clearly show parasynapsis. Cases in which three 
chromosomes of the ring pass to one pole and one to the other have been 
observed, and trisomics have been identified in Zea Mays (Burnham, 
1930). 

Zea Mays and Pisum sativum are the two plants in which sterility 
has been most clearly shown to be associated with ring formation, 
followed by non-disjunction. Semi-sterility inherited in a manner in 
strict accordance with that in Pisum has been reported in Stéizolobium 
by Belling (1914), but no cytological evidence of a ring has been reported 
in this case. Ring-forming strains have been found in Campanula 
(Gairdner and Darlington, 1930), but the proportion of non-disjunction 
and the occurrence or otherwise of non-viable gametes has not been 
reported. 

In Datura Stramonium lines have been investigated which on crossing 
with a standard line (Line 1 A) give 50 per cent. pollen abortion, whereas 
when crossed with Line 7 (which gives 50 per cent. abortion with Line 1 A) 
no pollen abortion is observed. However, F,’s between Line | and Line 7 
showed no configurations of four, whereas in /,’s between Line 1] and 
“B” whites, closed rings of four were frequent, although this cross shows 
no appreciable sterility (Blakeslee, 1928, 1929). Blakeslee accounts for 
the absence of pollen abortion in the latter case by assuming that “like 
parts are repelled at separation,” in which case disjunction will always 
occur. The presence of pollen abortion in a plant which shows no rings 
or chains can be explained on the basis of segmental interchange between 
non-homologous chromosomes if the interchanged parts are assumed to 
be in a region where chiasmata are very infrequent, or are assumed:to: be 
too small to affect pairing. It will be seen that where segmental inter- 
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change does not result in ring formation, but the gametes with one part 
reduplicated and deficient in the other are abortive, there should always 
be 50 per cent. gamete abortion, since the segregation of the chromosomes 
is at random; but where a ring or chain is formed there is a possibility 
of controlled segregation with a high proportion of disjunction, as is 
apparently the case in the cross between Line 1 and “B” whites. 
Although the suggestion that semi-sterility was caused by ring formation 
was made as a result of the work on Datura, no clear case of semi-sterility 
associated with ring formation has been reported in that genus. 

In the present state of knowledge it is impossible to say why a ring 
should sometimes give disjunction and non-disjunction in equal pro- 
portions followed by an abortion of 50 per cent. of the pollen grains, as 
in Pisum and Zea Mays, whereas in Datura a ring has been observed which 
apparently gives a high percentage of disjunction and is followed by no 
considerable pollen abortion. There are two factors which may con- 
ceivably affect disjunction in the ring. One is the position of the attach- 
ment constrictions of the chromosomes with reference to the interchanged 
segments. If there is a sufficient distance between the point of inter- 
change and the attachment constriction there is the possibility of chiasma 
formation between two homologous segments on both sides of the 
attachment constriction, a phenomenon which would give rise to special 
configurations. Such configurations have not as yet been identified in 
the Pisum material studied, but it is possible that they may occur 
occasionally. 

The second factor which may affect disjunction is the extent of 
terminalisation of the chiasmata. In Pisum and Zea Mays, ter- 
minalisation is slow and interstitial chiasmata are present at meta- 
phase—whereas in Datura terminalisation is usually complete. Complete 
terminalisation also occurs normally in Oenothera, where the extent of 
non-disjunction is not so great as in Pisum and Zea Mays. 

Closer investigation of these and other cases of ring formation will no 
doubt throw light on the causes affecting disjunction and non-disjunction. 


SUMMARY. 


The fourteen chromosomes of normal races of Pisum sativum form 
seven pairs at meiosis. All points of association between chromosomes 
are shown to be chiasmata by the following considerations: 

(1) Direct observation of exchange of partners amongst the chro- 
matids. 

(2) Alternate loops between points of contact are at right angles. 
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(3) The frequency and distribution of these points agrees with that of 
demonstrable chiasmata in other organisms (e.g. Tulipa and Stenobothrus). 

(4) The method of separation of the pairs at anaphase, the chro- 
matids associated at the attachment constriction always passing to the 
same pole, leads to the separation of chromatids in the regions distal to 
the first point of contact. The regions distal to the second point of 
contact are either not separated or are asymmetrical, according to the 
relationship of the exchanges at the two points. 

The nature of the associations of four, whether in a ring or a chain, is 
shown to depend upon the formation of chiasmata between the homo- 
logous segments. Its appearance is determined by the number and 
distribution of chiasmata present and by its orientation. 

In about half the cases examined non-disjunction occurs in the ring, 
two adjacent chromosomes passing to each pole. It is suggested that 
this gives rise to non-viable gametes through genetic unbalance, brought 
about by chromosome segment deficiency and reduplication. 


The writer is indebted to Dr C. D. Darlington for much help through- 
out the course of this study. 
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